US007872856B2

12y United States Patent (10) Patent No.: US 7.872.856 B2
Nguyen et al. 45) Date of Patent: Jan. 18, 2011

(54) HYBRID VEHICLE PROPULSION ENERGY 7,027,290 B1* 4/2006 Thrap ....cccc.cceveeeennneee.. 361/502
STORAGE SYSTEM

(75) Inventors: Vinh-duy Nguyen, Escondido, CA (US); (Continued)

lexander J. Smith, Poway, CA (US);
evin T. Stone, San Diego. CA (US): FOREIGN PATENT DOCUMENTS
Ifonso O. Medina, San Diego, CA 2104121 9/2009

(US)

(73) Assignee: ISE Corporation, Poway, CA (US) (Continued)

( *) Notice: Subject to any disclaimer, the term of this OTHER PUBLICATIONS

patent 1s extended or adjusted under 35 _ _ .
U.S.C. 154(b) by 25 days. nternational Search Report and Written Opinion dated Mar. 31, 2010

rom PCT/US09/68094.
(21) Appl. No.: 12/489,748 (Continued)

(22) Filed: Jun. 23, 2009 Primary Examiner—Nguyen T Ha
(74) Attorney, Agent, or Firm—Stephen C. Beuerle; Procopio

(65) Prior Publication Data Cory Hargreaves & Savitch LLP

US 2010/0134940 Al Jun. 3, 2010 (57) ABSTRACT

Related U.S. Application Data

(63) Continuation of application No. 12/343,957, filed on An energy storage cell pack cradle assembly for holding

Dec. 24, 2008, which 1s a continuation of application multiple rows of energy storage cells oriented along a domi-
No. 12/343.271, filed on Dec. 23, 2008. nant axis of vibration includes a first cradle member including

a plurality of energy storage cell body supporting structures

(51) Int. ClL. including respective holes; a second cradle member including
HOIG 9700 (2006.01) a plurality of energy storage cell body supporting structures

(52) US.CL ....................... 361/502;361/503;361/504; including respective holes; and one or more fasteners con-

361/509; 361/512:361/517 necting the first cradle member and the second cradle member

(58) Field of Classification Search ................ 361/502 together. The energy storage cell body supporting structures

361/503-504 500-512. 516-519. 523_52% are configured to structurally support the energy storage cells,
36 i /53553 8: 3 28—336,, 303-305 with the energy storage cells oriented along a dominant axis

of vibration, by energy storage cell bodies of the energy
storage cells with respective electrically conductive terminals
(56) References Cited extending through the respective holes without structural sup-

U.S. PATENT DOCUMENTS Ef:m]iirtshe electrically conductive terminals by the cradle

i ]

i ]

ce application file for complete search history.

6,611,421 B2* &8/2003 Meadowsetal. ........... 361/328
7,016,177 Bl 3/2006 Thrap 20 Claims, 16 Drawing Sheets

092

650 5860 -

CROSHELOVAEAN

]
)
;

L)
]

it ¥,
Pl
LRI 'Y
.
P
I"!_

e N
L

oy
RN N NN
e O O U P N
e T T T T T

Xy

Foay

e
T

P N N ML )
P A A A A ol ol 3 ol s gy

Pl oy N O
P N O N
o d o dr dr e e o gl
e

i 4
R
o

F

s
i

F g e e ™
i

S

Foay
oK
i
Foay
Foay
Foay
Foay

Xx
:Jr:Jr x
l:#:q-:#:#*q-:#:#
T

e
W

¥

¥

i
Ty

i R
-

e e e e e e Ty

N N N M A A A A

"
iyt
i

N N N N N N
ax

PN N N N N N
i

N N N N

Py

e e g

Py
¥y
T

ks
s
Eals

™

K
i
i
-

X

EC At

Pt
i
o Erd T
L, N
XN
.
Mo N N X
]
k]
gty
[ e i U i e i i Pl e U

H‘RHR:EH X

Foa
)

L
)
)

P )
¥

)

b

i
Foat g
K
o
¥

)
)
»
o

TR EEEEEE RS EREE RS E R R R R R
k. |
X

P
¥
b
W

XX
a
i
P}
o
AR
¥
X
'«
¥
"
i

ar
H

4-4:4
FY
»
»
44-4:
NN
»

k]
F
x_J
e A ]

L N N N R N N N N N

4:&:4:44-444444-444-441-4

T I e e M MMM N e e

O R N RN N )
N N N RN N N N N

T T N e M

LN N R N N N N )

N N RN N R N NN NN N )

L
e e e e e e e N

»
»
»

L
&
L
-
L)
o

T
F A e e
L
*
R R R A R

k]
E N k)

ol

-

)

o
-

-

'Hx'ﬂ

-

L
o
L)

¥
¥

ER N
-l A

o
»
»
iyl
oy
Y
.
Y
Y
L e S
ax

L
»

L
L N
i
*
i

o
LN NN NN NN )
L N
L]

L]
i
L
'.-h '.-h'.-l' L]
F
]
X
&
RHR_E:\'. ]
-
o

L )
L]

L NN N
L N N N
L]

b ]

-

-
-
x

-
o
i
-
e A ]

»
¥

y ok dox do

L NE ML
L
&
-
L N N NN
x i
-
-
-
T
x
&
L
4 4
o
X
-
k4
F
-
'E"Hx"!'
ax
Faroae

s P NE N NN N N N N A NN N NN N RN NN
L]

o)
-
-
.,
>
e
-
R )
PR
>
P
i
o
XX,
Y
P N )
T -

H
-
k]
o
F
H
e A ]
X,

ar dr dr o
k:r e e e e e e

L
o
L
-
»
L
L
i 4
-

L
e i NE N N N N N NN N N N N N NN

LK

]
-
-
]
4
]
x
L]
]

L)
e

EE N NN N N N NN
X XN

R‘HHHHHHH

_x
L)
L)
X
I EEEEEE R EEEEEE RSN NN ]

» J|lau-:au-:an-:n-: 1:4:4:4:
LR N N R NN
N NN )
LN NN
LR NN )
NN RN N N
L N N )
L e N N R N N
N RN )
LN N N R
LR N M N )
Jur
4*4‘4-*4*41&‘4‘4*-‘
e M MR N e
44*4*4-'4-*4*4*4*4*1-1
N N N )
> F
e
Ll
F
»

»

»
*i
¥

e Pt a-:a-:a-*q- ol
r bﬁb r " [
RN
L)

1]
Ll
Ll
Ll

HEZHHHHIHIHHH'!HIH

k]

¥

]

S FE N N N N N N NN NN NN N N NN NN NN

L RN EREN NN

ENOACN)
L )
L
L
L

F)

5
5
L)
5
5
L]

EN N
LN
L
ENCM
LM )
N
LR NN
LR )
LR )
N N )
LR )

E
L
L
)
L
L

»
»
»

MON N N MK K K

o
P
-
e
L]
ol
Py

S N NN N N N N NN NN N NN )

i

o
L)
L
x

L

T
T

N A o o o M

:
:
.&3; % :
>
o
>
f‘:
&

-
]
]

Bl

ey

L

i Mgy N

r o
r'.a-

L]
L]
-
i

L]
r

T
-

S Py P R - - - . o e, - P P
M M -

&
-
-

Xy

NN

| I I ]

_.! . ] I e e e e e e
! . ar dp ap Ay

x Ny

L
X
¥
X
X
¥
X
L ]
»

X
X
L]
.
X

)
i dn
»
x
»
¥
¥
¥

el el N e WY
oo e e

X x
¥

L 4
-h-h-h-h-h-h'.-i'-h-h-h-h-h
]

L
]

]

L
-

]

L
o R

Xy ¥
o e S T T

L
L
L
L
ar IR
Pl
¥
P
¥
¥
L
)

e e T e Ty

ad ke aw dp kA Ak w
Tt e N U A NN N N

»
»
a i
-
L
-h'.-b
-
»
¥
I
i dr
3
¥
i
-
X
I
i
X
i dr
X a
i dr
T T
L
L
e

S FE N NE N NN )
L3
L

X ¥

LR N NN NN )

¥
i
F el i g a )

PN N N N N

N R e AL )
.
L)
el

LR N N N N NN NN
L

F
»
EY
L)

»
»
»
»

i

¥

¥

)

i

¥
Plfinfiylt
Plfinfiylt

X

N R o A
o

e
Py

W
E )

o

Foay

Fkxrrrrxrraxroxrhoxrbkrrid ik
T

T

¥ oa kN kN

b ord kA ko ko kor oA

e

oy
o
oy
P
oy
oy
i
Py
D N
Py

- W
N
N NN N NN NN AL ) P

X

dro e e ek ke ke b ) Jro gk o ok & P W
b:b b~b~b~b b"h i » "b:'lr ™ i r [ I - i ™
N Kk b

ar .
"'lIF LI ] L1 :::: * * Ir'IIF'I J!Jr##
L]
L] r i'*i v *i*i*i*i i* i*i* *i*\*i L]

LE R RERERERENRENERERERERENENRNE NN NN |

dr
Ll L

..-
i
¥
o)
¥
-
¥
»
-
¥
-
Foay
i
Foay
)
bq.;b.b

a
L]

x

-
oy
e
A
it

X
i
T

T e T e T N L N T
X

NN N N

Ty

_1'

P i e
Pyt
Pigfigiut
g

Xx
e
Ty

v
N
ittt

¥
rhpr e d
I

P )
X

L NN
L
-l

R NN

x
-
-
-
Lk N
-
-
-
-
-
-
-
-
& o
x
o
Y

i -

¥ x
\ \ \ )
x v e e X "t

i
L NN

\ N
s et

\
0
xx .

Fr)
-
r
[

L]
r

ity

HEAT EXCHANGER U

670



US 7,872,856 B2

Page 2
U.S. PATENT DOCUMENTS WO 2007031689 3/2007

7,068,507 B2* 6/2006 Pfeferetal. ............... 361/699 WO 2008099602 82008

7,203,056 B2 4/2007 Thrap

7,492,574 B2*  2/2009 Fresard etal. .............. 361/517

7,5 11,942 B2 * 3/2009 Thl‘.‘:lp ......................... 361/502 OTHER PUBLICATIONS

7,764,496 B2* 7/2010 Nguyenetal. .............. 361/697
2005/0041370 Al 2/2005 Wilk et al. Internet Document “Image of BMW R69S Exhaust Finned Nut”
2007/0020513 Al 1/2007 Medina et al.

FOREIGN PATENT DOCUMENTS
2863400

FR

6/2005

avallable at http://wb6rec.com/duane/bmw/exhaust/, last edited Aug.
16, 2007,

* cited by examiner



U.S. Patent Jan. 18, 2011 Sheet 1 of 16 US 7.872.856 B2

100

130

“‘-:'-.'-.-.=-. ARt

":-.&Q&"a- SUAE AR SR

ey *Tﬁ*-}-.“-.x:-.*-. :
%aax'i'i{ixw-.xw-:._%%-.

i
o ot x
R x’xxx’x*x’x”x’xxx’x*x"'

F
k]

]
e i

]
F
]

.
xHxHxH?:H?:H?:Hxxx’xxx’x’x’xxx"xx:’: f

F
k]

e i

H
-
-
-
.
x
Al
-
Al

L e i
E

MEHIH:!HH

1G. 1

110



US 7,872,856 B2

Sheet 2 0of 16

Jan. 18, 2011

U.S. Patent

110

180

et

e

.._._-_._-.._-_._-_._-.._-_._-_“u"._-“u"““

o

a e a

e
»

e e

el

b B

‘."..““"..““"..“.."““.."““..ﬂm

PR e - e ._._n._F

200

- .
*
-I-
_-'-
-

-

o

'l
R

e
s

L]
e e
]
L
*
]
L}

2
2
2
=

1-_1-' 3 .

i"-' L]

[Y ERER - - - s or oo
.. 'i I‘ u_|.|||.|||.|||.|||.|||.|||

et o T, d
e R,

agapazaoecetetete e et e e e I

- T T T

e e e e e e ey T

TETRTETETRE R e Malae - T T

[ ] L N [

O e I R -
RN ST T \
n I-.I'I'I-.I'I'.-. ir & o & L N N .|||.|||.|||.|||.|||.|||.||...
._..................".“.”.".E...".".”.“.”m..-....,-..-..-.....-.....-.

B oo e

s Nt e - - -

.__III"II"““"II"“ II" ﬁ H.._“... w - -_l"I-_ “\... .......................... .

X L

et O R

M A aC A A A A T .1..-_ .-__-. ll“" ..........................
22

L+ Lt
Mmlml-f-.l'l'l!l'l' e L L
o

IIII-.IIIII-.IIIII-.I.-_.-._”... ..................... y ...H-..-”u..-”-..uu-u.-uu...”...u... .
’ "‘I'"".-."""""""""".””“”“"?T.”-Hu”|”|”|”|”|”|”|”|”||.... ""‘i'__. ”|”.”uu.uuu.uuuuuuu.uuu.ul
i‘ -.'.--.'.'-.- l.l.“i - . h

"I""I-_I-.III-_I-.I-_""-_-....”.._H.._ A -

B A M, - oo - 1111
RO
e
T igrgp s
A
..._"“-_-_-.-.-_-_-_-_-.-.-_I-_-_-..q.___....._._._.._ Pl

e T Y T ey
.._"""l-_I-.Ill-_l-.I-_ e N Fowe T
- I-_I-.l-_I-_I-. l-_ I-_ I:..._.-_.-..-_ Wor === omomomomomoaom o=
W e A T :
R R A e R R ;
T e o e ;
e e e e e e e I T
T b R
...-_IIIIIIII.IIIII-.II II .4.-..-_.-_.-..-. ............................
.."III-.III-.III-.I-. T T o ¥ U P P o
..ﬂ-. e N e T T
- I-. III-_II.I-_I-_ I-. l-_ I:..-_.-..._l e T y
T'II.I'IIII.I'IIII.I'I}.!.-.‘.-_ .v LT Tt Tt X LT T
L]

S R
rm"-_._%“un-._nuu-.nunuunuu”uH”u”“”“”“”“”“”“”“”“”“”“.. -...-u_..-._..._-"uuu " LTt
L e o NN - L R
R e - T T T o P
B a e R e T P o !
O R T T T T 4
e TR e i L. | A - - -ttt
e e SRS

e et T
e e e IR = =« NN
o _._-_-_-_-_-.._-_-_-_-_-.._-_“"...”.._u.._u IO ] ""-"-_-_“ ....................................... ,

e g i q.q--- ............ d .-I-.I-.-_-.a ...................................... '
e ... S o
Iy - L ey L L L
i “--n“““"n“-_ wrer s ERCUCIEIEC NG SESCICIE R

P
T
L]

o . L .
o ‘ A ; : .
By o T e
e .- SR
wh I'lII-.I'l'II_ * r HT ............................ s . I' . SRR :
___l-_ e II-_ 5 I.Hl.u..l._.-.. .......................... I, - - - -ttt .
l""lIIII-.lIIII-.lI [} . .” ............. “ II""II T LT T

._-._-._-._-._-._-._-._-.,......,-...-.-.....-....--.- ._-._-._-”w.”.”.”.”.”.”.”.”.”.”.”.”.”-”.”.”.”.”.”
R s el
GG - A % -umu“uu_.uuu“- e
[ v PR - T T L T T T T
L ) ” . B .....___“““"" ”_. ...................

L Wﬂﬁ.“‘mv.-“-..-“-..-“-..” e

e ; Mol

oo = -

[ ] llll ll [ ]
- ot e Bt B Il_
0 i
o e e L L .
1. T A R N N N NN N N 1
Qo sy _
e 1

230

FIG. 2



U.S. Patent Jan. 18, 2011 Sheet 3 of 16 US 7.872.856 B2

-~ |

"H'HHHHI

o N NN
L A

250




US 7,872,856 B2

Sheet 4 of 16

Jan. 18, 2011

U.S. Patent

v. e
o
vv.”v.”.v.”v.”v.”.
p A
o P Mo M
ol
o a
BB B
”.vuvvv.u o

FraPad o
vv.v”.v.”.v”.v”.v.
oo P,
p A
o P Mo M
ol
o a
a A al
vv.vvuvvv_uvv

e

ii!-l A

et
v.v.vv.vv.v.v.vv.vv.v.

o
PP Ry P B B B

B A BB A A A
N,
r...v.”._.”v.”.v.”v.”v.”.v.vv.
A

o

ol
Y
™
A
Y

Y
Y
£l
ol
A

A
a e oo
P o R PPy gl
ol
ol
o
el

ol
A e a al
o o Pl
i ; ;
vv.v.”.vvvvv.v >
.vu_.

s

E
™
™
.
A i
o vvv.vvv.vvv.
b .vv.vv.v P atn
A A

A

J v. s ra
ol
Al
R,
o

”..”....”u..”._...”....”u..”.....”_...u
.v. s a
!
o A
; .v.v.v.v.v.v.
o ; ;
I P

FoaPad o
o o
v.vvv.vv.v.v.vv.vv.v.

e
v.v A .v.” v.” v.”.v.” v.” v.”.
¥ v.”.v.”v.”v.”.v.vv.
P ao

A
R A 0 AL A
v.a.vvvvv.vvvvvv.vvv
Fole el il il il el
v vvv.vvvvvv.vvv

”i”.v”v.”i”.

o vv v.vv.vv.vv.vv.v
v. ol
A A A A
o MM
R A 0 AL A
e i
o P i P B e P B B,
vv.vvvvvv.vvvv ks

o ™

1

Y

FIG. 4B



US 7,872,856 B2

Sheet Sof 16

Jan. 18, 2011

U.S. Patent

e aad al
AN MM
. v”v_v”v_v”xv.v_v.

Al
WA
M BB

o

Al

ol

A A

A A A
A
v.v.v_v_v”v_v_xv.x....

2
aa Al
PR R M
e aal
A A
o
o
o
A
A
L A
v.v.v”v_v“v_v”xv.xv.

.xw_.._w...“wxw

ol e el
el Al Al

L A M
s
v”..."w...“uxw..."w

b

o

A
B BB B
o i
o

o

A

A

L A
v.v.v”v_v“v_v”xv.v_v.

A A ]
A AN A
R
A
A A A A
!
Al
ol
A A
A A A
A
v.v.v_v_v”v_v_xv.x....

.xw_.._w...“wxw

ol e el
el Al Al

L A M
s
v”..."w...“uxw..."w

b

o

A
B BB B
o i
o

o

A

e aad

A

2
o

H4

e
E o
W

T
o
a
BB A
M A

E o

0

o
.._”.guxw..._w
ol ool

v”.__.u_.v_.v_v_.v”v_.u_” k
e

o
. o o,
o B

uv.u_uv.!ﬂ..v“v.

D

F o
e
PP A
b v ”! ”v” ”v” ”! k
u....“”x......."w...“uxw
u”..."w...“wxw..."w...“
A
o

O RE

e
i
PP P P
e B W M M H M
> v.v_v.,__v”v_v..__””v_””v_””v_”x
P o B K .

PR

By

r
r
a1
r
r
r

ol
A A A
R
ol el
ol i
ol
A A
A A A
ol
ol
L ]
v.v.v”v_ “v_v”xv.v_v.

A A A

e P B e

.v.v”v_v”v_v”v_v”v_ ;

“v”v_”..___””x””v_””v_”v.

A A AL A
e i i

A A A A

_v”v“v v”v_v”v“v”v_v”v.v.x

MM,
A
.vu._..ﬂ.“v.!u..v“v.ﬂ_“v.
A
F
L A
[ A
P
Al el
W

!

“””v_ .__u_.x” ””v_””x”v_v.v_”x
R MM
_v”v_v. _v”v“v v.v_v”v“v”v_v”v_vnx

LL]
-

!

R

OV E

ED L

:

R

x a

LL.

FIG. 5



....._...u.......”.........“.u....“....”.........
v.v.v”.v”.v.”.v”.v”.v.”.v”.v”.v.”.vwv”
e e aad a a a
A A
Al e
e e a a a al a a a al a a
A A
A A
ol Al
L e
A e
A e e
A e a ala al a a a
e
A
e o
!
A a aa ad a a a a a a
e el ad Al Al
R
#v.vvvvv.uvvvvv.vvvvvv.vvvvvv.uv
el

ol
XA IR
g g M B
v.v.v.u_.v.v.v.”.v.v.v“”.v.v.v.”.x””v.””x
B oy o B B B
v.v_v.___v”v_v..___v”v.v.v_v”xv”xv”
B R
g g g B B BN
vv.v_.._.v.v.v. BB
v.._.v.v.v.._.v.v.v.v.v.ex b

oA A
_'H H_HH'H'!'

AA A A
LN NN
]

A
|
M

k A
o
MWW W W W W MWW

.

Aa AAMAAAAAAAAAA
h ] h ]

280

PR A
vv.vvvvv”.u”u.”v”.v”v.”vﬂv”
A e
ol
el A A A
e a a  a a a
o
e A A
e e
C o
ol ad e a a  a al
el e e e
At A e
A A
Al e
A e e
F e T
A
A e a w a a
A A
A e
e a A a a a w
KoL, v.vv.v.v.vv.vv.v.v.vv.vv
o B B
v.vvvvv.
v.vv.
o

"‘ll"

.v_”.,_“””v_v.,__”.x””x”“x”x”

A a aaa

v.,_.v.v.v..__”.v.””v.””v.v.v.v.
e a Al

v.”.__.””vv..__.”.v.””v.””v.v.xv.

aaa  ad a a

g g g B B BN

A

Attty

“v Al e wa  a
A

o A A A
g e e
e

o
o P L M

US 7,872,856 B2

h ]

M AN A A
A
h ]

N MM
e

EY

v.vvv.”v”.v”v.”v”.v”v.”vwv”
A A e

A A A e al a a w
A Al Al Al

A a A ad a a

A e

aa Al Al
A e

A A A aaal a a
vvv.vvv.vvv.vv
A A e
o at i aa aa aal w
A A
Al e
A A e
2l A i
A e
A e a a  a a
A T ad a a a a a
v.uvu.vvvuvv.”v”u”v.”v”v”v.”v
v.vvu.vvv.v”u.”vrv

HHHHHH-'HHHHHH
L]

.v el ,_.v.v.v o

P a el

P P R R AR A A,

T B BB BB W

i g P B o B

R B R A A A,

p A

A A A,

o PR, v”v.v Palala

P AR B R A R A A

o

AW

!IH!-H_-?-HFFI'FI!

S
AN AN NN A
EEEEERNE

-!-I-l-!-il-
O M W M M

R
v”v”v A
r v.v.v”v.v“ A - v
ol el ks o
uv.,_.v.vv.”v.”.v.”v.”v.”.v.”v.”v.wv.”
ol A A i
A e
A aa a a aw a a
A Al A
aaa ad a a a a
e ad a A a a a w
F Al T i
A A A ad a a
A A e a a aal
o A
aaa ada a  a
A e e
v.”v.”.v.”v.”v.”.v.”v.”v.”.v.”r”v
a a A el a a

|
b

|
b

p

a:
™
Y
ol
i
Y
&
&
a7

M_M_M
»

p

oW W W

Cn

P a e e,
oo e s el e
v P L R W
A A A A A
ol i

E A A

o e e

.vvvvvu. Mo

;‘II
b o M

OA

P "o
vv.”v”.v”v.”.v o
M “.v. S
..vvu.vvu.vvu.v
aa Al a al Al el
QU A
v Al Al
L i
a0 a A ad a a a a
ol
2l e
ol
ol

aa Al Al
Al e
A e a a a
aa Al a al Al el
A
A e a w a a
o A A
s u_vvvuvu.”v”u”u.”v”u”r”v
A

Al

.
™

A
A A
.vv..__.v_v.v_v.v_v.v_
.v_v.__v”v.v.a.vv.v”v_v”v_v”v_v”
L P T T e
A A A A A A

e P

x””v.v”v.v.v.v”v””v_””x”v_v.v_
o P T T B B
P Py e T B B
._.v.v_v”v_v.a.v.v_v a.v.v.v”v_v.v_v.v_v”
e P B L T B T B
o .___” v.” v.” v.” !”
ot

Sheet 6 0of 16
1

FIG
FIG. 6B

A A A
a A
o
oo My
o e a
p A

nv.vv”.v”v.”v”.v”v.”v”v”

A A A A A A
A A A A A
A A AL A

A A A A A A A
A A A A A
A A A A A
vvv.vvv.vvv.vv
A A A A
e A A e
A A A A A A
A A AT A A A
N A AL A A A A
A A A M A A A A AT
AN A A A A A
A A A A A A
A A A A A A A A
A A A A A
el
A A A A A A

N A A A A A A A
..vvvvvv.”v”v”v.”v”v”v.”v
M A A A

o W W W

» o

o
M OW W W W W

.v.”.,”.v”.v.”.,”.vu ”.
X e v.v.v.v ”.v ”.v.”.v ”.v ”.v.”.v ”v”
ol Al
e e
A e a a a  a aa
i al a
ol i
A aala ad a a a a a a
A aa a a a a a
o i i
R
A a aa ad a a a a a a
2l A
A e
o
A A A
A e
bl
ol A A
A aala ad a a a a a a
e aal
P ; ;
ke vvvu.vvvvvv.vvvvvv.vvrvv

>

Jan. 18, 2011

A,
v.v.”.._.”.v wv ”.v.”.v wv 2 ”.v wv.v *
ol A
p
aaala ad a a a a
ol
A Al
e a a  a a a a
g e o P e B M B
2l A
R
ol
A A
A e a a a a a
ol A
ol A A
A aala ad a a a a a a
A
el el e i
ol
ol
o ¥ v.” v.” v.” v.” v.”.v.” v.” v.”.v.” r” >
o v.vv.vv. PR
v.”vv
o

1-.'-.1-:'

oo
ol aed
.v_ Al Al
”xv ._.....xv 2 x....xv.xv”xv”
A M v.u.v.__.vv.vu.v.u.v.
ol
o
ol
ol
2
el
P oo,

&
a0
x:

Y
™
Y
o
; .v.v.
o

'y
v i vvv

-y

h_]

o
A P
LA vv.vv
A P M Bl P
u_

M

AR
il
.v_”..___””v_””v_””xv.

e
A
AL

ettt
oy P B K,
o

L]
o ™

'S v.v_”...”v.”v”v”v.”v”v”v.v
R ...v.
..”....”u..”.....”_...”u..”.....”....”u..”._...”r”v
A aala ad a a a a a a
A

o i
ol
ol A
L A i

o ey M My M M
o
A

aaa ad a a a a
e e B R
aa A Al
A

o .v P

1

U.S. Patent



. “”v.”.v.”.x”.v”.
R e My e,
R .vvv._.v P B A
A
L
E i
ple e
A A A A
ol
v.v.v_”.vv.v.vv.vv.”.v.”.v.”.v.”.v.”v.
A
e e i
AR A A Al
A A
g Mg P
i xvv. vv.v.v”v.”.v_”.v.”.v_””x”.v.
ol
e B K K
Mo,

o
! " e
v.v_”.._.”.v.”..__””v.””v”.v””x””v”.
v_”“v.v.v_”v.v.v.””x””v_”“x”.x
A e

an Al
A

A A A
A A Al
; .v_ Al
o ._.v o Py P P
BB B BB
,_.” v.” a.””v_””v_””v.””v.wv_w
Al
P
2

US 7,872,856 B2

A
A u.v.va.vv.v.v_””v_””v_w
e A
£ P A S a a
A ” .”v_” a_”.v.””v.””v.””v.””v_”” . F:Pr:.rvar . A
o a e u e o e g W P e
M v...v”rv.v_v.rvrvrv.vrrx S rv”v_v”nv.nv.xr ;
s A AL A
A A A A A
A AR L A A
PP
vv_”.__.”v_”.x”x”v”. wal o a Kot
M
v.v.v u.v.v_”.v.”.v.”.v.”.v.”v.
o v.v..__.v.v.”.v.” u.”.u_”.v ”
WA
v.v.v.v.v.v.”.v.

1

v.v.v.v.v.v”xv”v v. A .rr.nv”nr.x A
P P i o AP P e B B
A A A AR A A A
A A A N A AL A
e E il b A
o aa s s LA PPN A
2l e el Al Lo i
A A A A A
o M P M e M P,
”_...”v.”.x”_...”v”. R
i

L
P
O

o
A A v.v.v
ko v . v”v.v.a.vv.v.,__v” A 2t v.rv.
MM Al AL A e M i
P e T B M L
s .v.v”v. A, .v.v”vv”vv.x
v.u_.,_“v v_v.,__v.xv.v_v v_u_.xv.vv o,
P B B P B B
M A A L,
A N A A M L
vv.,_.v_v e P B 2
A A A A
A A A,
AL
.v_ A A A
o v .vva.vv.” a_”.v.”.v_”.v_”.x”.v”.
AN A
vv.vv.v.v.vv.vv.v.

-
]

1)

Sheet 7 0f 16

L |
LA
E a:”r o,
o

A
™

|

.
'
o
W

L
L N
L ] M_M_A A
A

n ]-r'p;‘;l!vxv’ ]

i
L
.FF!:'F!

LN

o A
F o
v.u_.v_.__.u_.v.v_u_ v.v ..___v.v_u_ .,
AL A A A
Fol i A .u..u..u..h
", ..__.u_.v.vu_.v.v.u_.v.v.u_v. FF!HH r.v.!r.u..vr.
i .u__.__.v.u_”v.v”u_.v”v.u_.v“ i
A A A A
A e A
o A
F o
MM A A
ol i
ol Al
ol e A
o
bl Sl
F A
o i
rv.”.v PR

)
E | |
l lrl-?t:?-'l'" -
oo™
L . IIHIIFI:H:H:FR"P
o M
H_N l”?l’?d’?".

i
e

Jan. 18, 2011

LSRR
MM MK K KX

"o
o
o M M
N A M A
.vvv.a.vv.v v.v.v.a.v.v.v.v.vv.vv.x
AL A A A A A A
A N M A A A ; k
¥ _...u__...._w_..“_._.“ ettt p””r”rwr”.rw...rr....r *
X M A A
A A A o i
A A M A A o
vv._.v.v.v.._.vv.vv.v.v.v.v.v.vv. b v.nr!v.nv..__....
P .v.v.u_ A, .v.v”v.v”v.v.x A
. u_ .vu_.v..._”vv.vv.v.v”v.v”v.v.v.
v .v.v.v.a.v.v.v.v.v.v”v.vv.
A A A A
vv.v.v”v.””v_”v.”v_wx”v.
oo

Al e el
K SN v”...”.,”...”.,.”.,H.,.”.,w
ol Al A
B B B B B
L R B B

U.S. Patent

FIG. 6D



”“v””“u_””“v””“v””“u_””“!”v””“u_””“!

Al .._” u_.””..._””nwanw..._wnw..._wnw
A e e el A A e
R a o a a aa,
O g Py P oy B BN
A A AL A A

F o i -

oA N M

A g N A A A A

AL A N L M A A

F ol A

A N A

P g A A

i“v.v“u_.Hv.!v.ﬂu_.v“v.ﬂv.!u_.ﬂv.

1

420

u.v...."””xwanw...ﬂxw..."wx”
et A e A
AL A N L M A A
o e
o i A
A A N A M A M N
O M A N A A
A i aa
AL A N A M A A
o
O A N N A A
F o i -
O A N A
AR A A N N A
AL A N L M A A
o e
o i A
A A N A M A M N
O M A N A A
i i
xw..._w..._”v_w..._n .wxw..._u”.......”
Sl A

S
e e
o

F
EY
EY
F
Fd

o
|

US 7,872,856 B2

K ..__.H

470
E.
;

xxa”xuxnxnxnxnx”x”x”xxf . - .
A
i A
. o Xy
E
A A
E A
o A
L
p A
E A A
o L A A A
L R I X Al
" “xx.xxxr.lu- A e a A A A

T
-

1

K ] N i |
.HHH”!“HHH”HHI HHHH”H”H”HHH”HHHHH”HHHHHF l.-.“.
N A N M X IHHHHHHHHHH il e AR e 30 L

2
>

H
|
>,

F g
A N
o My
R B A A R
ol
A N A
g i
g o o LB
! ; PR R - -
A A ;
I
AN KN
X o
II_H”HH
i ;
IR A A A A
- .HHHHH.HH!H X ]

P
x

A
H

FE N
XA NN N

x?‘!xﬂ?!?d?!?l
HHEHHIIHI
Y

A M
oo A A
E :
H:H:?ﬂ:?ﬂ:?ﬂ:?ﬂ:ﬂ:ﬂ >,
Aoxn M EE
i I-
A M A
H!HEH:H:HH
H:H:Hx
] x
RN
:H:H |
-

E N
-
x
>
-

]
o
HHH
x
H
.
]
|

AN

.ﬁ- ad S
oo e A a e A
o il ..._””u___w..._””..._wv_wv_wxwxwx
e
o
aa e a P M A
Al
w M A
o e
N N, el R Ry
o e
o™ -.“ LA A A
x“ e e

A e e
N . A e A
A R

E |
AN A
H
o,
o

N NN NN N

oA A A A AN KK AN NN K
P

HHHIHHHHHHHHHHHH
E N
HHH

-
xl!
N

Al X
-

% i
L P g e R PR R KK
-

P
h_]
.
H

>
F'!x?dx?!?d?ll?d?d
]
]

H
L I

FY
A A
-~
xx”xx
’HHHH
k)
oA
Ml
oA
A

H
-
]
-
.
-
Al
F A N B

x“xux .
RN
X

i
x xunuxnnuxxxnxunnxxxxn ALK
o o

Lo, |
A
o,
X
)
o
)

o A
A
o,
-
H
E |

X,
ﬂuﬂ*'? g Loy

X B0 ol
W A ””v“””v"wx””xwxwxwx”xwx
e o ac P Mo P P o R,
N i) L) !
TP i A AR B R A A
e . M 1 RO o
) !-_Hxxxnxxxnx u__””v_””v“””!ﬂ!ﬂ!ﬂ!ﬂ!ﬂ!ﬂ
A A i A
ol Al
A s aa a a ad al

A A A e
2

A e
A e a a ad al

A ol A A
:_H u..xnx”x”x”x”x“x”x”: ””v“””u__wxwxwxwxwxwxwx
M ) g P g B B B,

A
o
E
M
.
& &b

i
X
-

S
2

-

E |

Sheet 8 0f 16

)
xﬂ

P
)
A
i
A
e
)
i
2
)
2
o
L3l )
L

x
k.
)
.
X
)
X
X
‘.:H:xnx
P
i!?l?!:il:?lil!
)
o
Lo

b,

‘e

]
N N
HHEHH.HHHHHHH
E

A o

e
)
Hx?d

A LW X XM
HH“HHH”H ] H”H Iun X
o HHHHHHHHH . HHH K, HH
o NEEE

X Hl " HH

2
Al

F

)

[~
L)
M
)
.

H
EY
x

HII-_ ”” x

I_l Y

A

] i!”lnxlﬂx
T
o Hxﬂ:ﬂx?d F
HKH
F |
.

)
.

X
)
X
A
X

N
N

A
o
xx'x
T N
ol
g
F
A XA
L]
M
i
-]
X

W M A A
e e B NN,
F o i
E o A A
i
PR A A A A A
L A
L S A i
E o A
o
u_.nr.auxr. v.v.v_v.v.”.u.”.e”.a“”...”....v..nv”
o R A A A

Al
xllhnxxxxnnxnx e v_v.v_vnnv”v_v.nv”v_vnnv.v.vHv.
x

F ]
-]

H

-

F ]
x?l!
-

-
Al
o
"

)

X,
)
|

AL

o A Al al a al a al

outae et tate !y S

x Mﬂxnxnxﬂxnunnﬂnﬂnxa e v_v.v_v.v“v.v_v.v_v.xv.v_”.v_v.xv.
Hﬂﬂﬂﬂxﬂﬂxﬂﬂlﬂﬂxﬂﬂﬂl ; E N N o

HE!HHHHHHIKHH.
E L -

H#H HRH HHHRHHH 1"! o
L M XN MM

N MoN AN M

E N N N

HHHHH E HHHHH E HH”HH

HHHHHHHHHH
TN E IR
A eten et et e

.
A A A A A
B M BN B
A e v_v”v_v”xv”v_v”xv”xv”x” u_”v v”
KR A MM KA A EE i
Ao o gl i

Jan. 18, 2011

i C Eoal ol ol il il ol
X n ur”..."””xwanw...ﬂxw..."wx”
4 ol il
Al al Al Al .
””v“v”u_.v.a”xwv_wxwxwxwx ;
R I

E
A
A
R

””v“””u_“wxwxwxwxwxwxwv“
ol

i ol ol
- ol Al
A s aa a a ad al
A A A e
2
A e
A e a a ad al
- a Al Al Al Tl
e A e e

- A aa A e e
. 1
-
= -

[T

mmm e
L]

L

L4

U.S. Patent

FIG. 7



US 7,872,856 B2

Sheet 9 0of 16

Jan. 18, 2011

U.S. Patent

-

-
-

r

L

R

¥
*

R
e
X N R
A A A W

A A L
o s b

annnxnnnxnanxnn xnx”xnxnxnx”xnrn:a .
EXRXREXREXRE XXX XXX XXX
XXX R XX T XN
I

A

.
wHHHHH RAEXEREELXEXELXEXEN
Il! 3 E ol i

X
X X XXX
i X XXX KR
P e P P 2 T L R R

P TP W H P W TR

ol
B e B BB
e e a a a
ol
aaa a a alala
o a a a a a
A
e A A
aaa w a a a a

LA

M M M P M N

ol il il
E L A A N A
u.._“_..”xv”..."w...“”xw..."wx_...
N B B R
o o o
g P i o o B
.3?#&?%

o

ol il
A A N,
.xu”..."w...“”xw..."wx_...
A AL AL
AL N
LM N A
A

L M A M N
o
F.Fu””!vuvuﬂnvuvfur.

™

a e
o a e a
e B B o K
A AL AL
AL N
LM N A

L

L M A M N
o
H.vu””!v”vuﬂnvuvfur.

™ W

P
R B
A
S
E o
L AL A
al al Al el
AL A AL A
ad el e
H”!H”!H”vuvfur.

ol

A AT A
L MM A N A A
"o ..“....x_..”..."w...“uxw..."wnv.
A AL AL
alad a A
L
L
L M A M N
o
.U.Fu””!vuvuinvuvfur.

o W W
b

>

N,
W
u__”...__””x””v_””x””vﬂrv.

el
Sl a A
ol e
o g ey
IR

AL AL

A
w”..."w...“””xw..."wx
Al
al i al el
LM N A

A
L M A M N
O
3?&&?%

ol il
A A N,
.xu”..."w...“”xw..."wx_...
A AL AL
AL N
LM N A

L
L M A M N
F ol
ol

Koo aal

A A
?vvvvvﬁ
A A MM
A AL A
A A A A A
A A A A A
A AL A A
A A A A A M A A
Ao o,
Sl Bl al

AL AL
A
"_..”..."w...“uxw..."wnv.
A AL A
L A M
F o
i aa
.v.!v. “v”!v”vnvnv“v.!v.

LA

»

W A R A
R R R
o e i a a
Al Al
ol a
F o
F A
L A M A M N
S
...”u.v”..."w...“ux...”..."v”...“....xr
alala

b

™

»

AL A AL A
el
o o R,
MM A A
A A A

EOle

- o i
alad A al a

L M M M N N M

o e
. .v.v“v.v_””v_v”xv”xv”xv”x
A

ol
oA A
PR B
ol i
ol
ol ol el
A A
ol
ol ol
ol
* .v_v.x””v_v“v_v”xv.xr

A AL

; .v_v”v_ ; “v”v_v”v_v”xv”x k
AL M A A

P P B B
ol il
e e i
.v_v.v_””x””v_””v_”x

A
Fa _w..._u”...“...v_...”..._u”..._




; v .v el ;
u.”,.”.,.v.”,.”.,.v.”,.”.
P P Py B B B

aCa a o
R Ry Ry e
o e B B BB

i i il i i

ol
Ry B B

!

e a o
L

i i il i i

ol
Ry B

!

i i T B B B B B
P a R a e o el o e e

F

k k A .r. .x. , r. A, r
” r”.v.” r” v.”.r” ....” r”.v.” " o r....v.v rv u__.v ru_ ....v
ol
P M M oy P
.r.v L

o .u_ vv.vrv vrv

>

% _F!HF! ]

FY

k.
&
™
Y
a:
™
v

v.”v.”v.wv”!”v”
LA A
R R N, v_v.v.v.vvv:.v.v.vrv.v.xrv.v
ot arxxxxxxxxxxxxxxxxxxxxxxxxxxxnx .v_r.v.v_v.nv_v_!nv.v.v.nxu__v.
axxxxxxxxxxxxxxxxxxxx.xxxxxxxxxnxxxxx g P r. v_ Hv.v_v.r.v.v”
”xnx”xﬂxnxuxux“umujuf.__.._. ._.xuxuxuxxax“xnxux R
F A W u_.
L

US 7,872,856 B2

A

Al
Mo .””3”””F“”.ﬂ”!”.ﬂ”!”ﬂ”!”.’.ﬂ. .H.F.F.F. .F. ”3”
o Py By B T B vnnv”nvnxvnnv”nvnxvnnv.
A R
.x.._.“”x”....w......_.“”rw...”.r”uwr”..... A .rur....rrr”rwrwr”xw
.v.r.v”v. ol rv”v.v”rv”v.v.x P P R
o i Al

L] -
ooy
.Hr”.r”.rv.ru.rv
rvvv.rvu.v v.v
A A A AL A

s
X
X
a
k.
A A
o, A A A A
P A A oo e e e
s r””r.””v.”.n””nwu.”.xwv.”.n”.u.v A .r”.r”r”r”.r”r”rv
ol R
L A aaa
!
PP P
Kol el

r
'|l!
;u

r

[ ]
Frrrrrrr

[ ]
L
r
[ ]
r
[
r
[ ]
r
[ ]
r
[ ]
r
[ ]
r
[ ]
r
[ ]
r
[ ]
r

r
L

b &2 = oa

&
L]
&
&
L]
-
&
&

FFF

L]
&
&

i

v.
.v.vvv.v.v.v o ;
oy R o P rv_Hv_ﬂv.”v.”.v.
.vr”.v.”r”v.”.r”“v.”r”.v.” rwxwrwxwr”v.”
A A A A A A AL A A A
o oo x”.v_vxv.x”“nvv.vn

r
r
[ ]
F
r

h & b & b & b ook

rF
rF

A e ol A
o .vrv v.vrvv.v rvv.vrv v.v ;

u_.
-
o,
A,
A,
I A,
Lk
A
A
u..v

r
r
r
r
r

r
r
r

F
LI
h
LI
h

[ ]

r

r

[ ]

r

r

F ke br e bbb bbb kbbb br bbbk bk
F
r

4 & & &2 & & & & & 4 & & &2 & & & & &

r
L.

r
r
r

a b & b

-
&

r
r
r

.r.rl.r A & b 2 h &k oaok

r
r

r
[ ]
L
r
[ ]
r
[ ]
r
[
r
[ ]
[ ]
[ ]
[ ]
bbbbb.bbb
[ ]
[ ]

r

Frrrr
r
L

r
[ ]
r
[ ]
Frrriririr
r
[ ]
r

L
r
L

a & &2 a2 & &k &
A & & b & &
I.rl.rl.rl.rl.rl.rl.rl.rl.rl.r.rl.rl.r
L]

4 & 2 & & & 2 &2 2 2 2 &2 & & & & & &

L N
i
Frkrr
FFrrrr

ol
NN L | o A L u..u...u..u.. |
v.v.v.v.”.x”.v_v.v.”.v. .vrvvvrvvvrvv.vrvvvrv. ..r”.vv.r”.v”.rv.v.v. e ” .”.r”.v.”.r”.v.””r”.x”.xvvvrv .
u_v.vvv.vv_v.v_vv.v.v.v”vvv. oo R PP g g oo Py Py g o K R R R KKK K K
aa A ad a a o A o A a0
A A e aa A A A A iy
ol A A 0y g B B 0y P A BN A
A aaa w a a a a e e A,
ol .r..xrv..rxr..x r..xrv..rxr..x KA
B R R ; v.uvxv.nv

L]

[ ]
Firrrirbr rir
r

Firrrirbr rir
Frrrrbr r ir

;
P o
P
A
A alad

r
r
[ ]
[ ]
[ ]
F ki

A & b 2 h &k oaok

Sheet 10 0of 16

L .
[ ]
r r
r
r r
[ ]
r
bbblbbbbbbbbbbbbbbbbbbbbb
r
r
rF
r

r
[ ]
r
[ ]
r
[ ]
r
[ ]
r

r
r
r
r

r
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]

r
r
r

4 & & &2 & & & & &

L
r
Ir

A & b 2 h &k oaok

r
r

vlur.r.r.r.r.rlllllllll
s & & & & &8 b &8 b a h a s ad adadkadoa

r
r

L

[ ]

r

[ ]

[ ]

[ ]

b.b r
F r
b:bbbbbbbb
[ ]

[ ]

[ ]

[ ]

[ ]

[ ]

[

[ ]

[ ]

L

[
[ ]
[ ]
r
[ ]
r
[ ]
r
[ ]
r
Jbbb.bbbbbbbbbbbbbbbbbb
r
[ ]
r
[ ]
[
r
r

u_
u_
a0
u_
u_
A

r
L

v.v.v.v..v_ L o Pal o el e a
v”.,.”.,H.,.”.,H.,. RS .,.,,v”.,,”.,.v..v.”.,vF
A A ol ol A
e aaa a aa Al a a Al a al al a
aa A ad a a e A o A
o o R M Py Py o PP T R PR i i
.”.v.”v.”v.”.v.”v.”v.”. PP v.”.v.“.v.”v_”. a
Mo aad Al Tl

[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
b.bbbbbbbbbb

[
Frrrrbrbrrbrr e brrrrrrir

Frrrbrrbrbrirrbrrbrbrirlbrrir

Frrrbrrlbrbrrrrir

[
[
1
L
o
o
ok
*
[
L]
.
]
i
F

FY

v.rv.rv..rv. o ;
r”.v”.r”.v.”.r”.v”.r v. v.rv.vv.r”.v.”.rv. L ;
k k k P.r.y.”r:..rr.:..
: oAttt
vvvvv.vvvvvv.vvv v.rv u..v rv.rv.r.v.rxrv.r
o

'l!P'II' o
;il
!HHF!‘F!HP,'

oo o o
o e e .”.n”.uv.xvnv.uvr

-

_w..._u”...“...v_...”..._u”..._ ;
; .

2!
£l
Y
Y
£l
Y

"

A I A
vvv.vv.v.vvv. u..vu. i Lol i A i
e M A A A, >, i .v. i AR R MM
v.””v.”.v”.v.”.v.”.v.””x”.v” iy v”v.”.vwv”.v.wv”.v.wxwvﬂv. Al v”v.””v_wv_”v.wv.ﬂvﬂxﬂv”v. ﬂﬂvﬂ!ﬂ!ﬂ!ﬂ!ﬂvﬂx
ol el il o i e il ol i ey il o iy il il
MM A AT A A A e
vv.v.v“””v_”.v_””x”.v_””v.”.v. .””v_”.v_””v_””v_”.v_””x”x””x”.v. .””v_”.v_””v_””x””v_”.xwan”.v. A A .rv”!v”nv”xv”xv”n”?.”!”
o .v_u_.xvv.v v.vv.vv.v X v.v_rv_v.xrv_v v.:.v.vv.r v.u_.xvv.rv.vxrv.vv:.xvvr ; y.v.v.v_:.v.
o .v.v.v.v.v. i u_. "o o e

L, .v_.v.v_“v v_“v v_“v 1.#.

o ”v.”.v.””x””v”. o .””v”v.””v.”v.”.v.”x”v” .v.r.v_””v”u.wu.”v.wv.”xwv” v.r.u.”v.vv”xwv.”rwu.”u

E A A T A A e e i !
ol ol ol ol A
aa A a a ala a a a Al Al a a a Al Al al al Al e a e al
e e a a  a e a a  a e a a  a
Al e e e
e A A e A A o A A A A A AL A A A AL
A Al e a a e a a a aal e a a aad e el
ol K o R B e B K A A A PRI
v.v_v.u.vv_vvvvv.v.v.vv.vvu. G Ao o a o

Jan. 18, 2011

i

.x.. .x.
Ll Sl el Sl el
Pl .v. ol e i A A A A A A, " i
v”v_v.v.v._“vv.””v.””v.”v.wv.”.v. .v.r.v.v.””H””v_””n”v.”xwv.”.x .v.r””v.””Hﬂv.ﬂﬂﬂv.ﬂﬂﬂvﬂ.ﬂv. A, v.v.ﬂnuv.””n”v.”xv”
ol ol o ol ol o ol i A A A A A A A AL
A A A A A A A A A A A A A A A A A B
o A A A A A A A A A A o
oA A o A o A A A A A
Cal Al A Al Cal Al A Al o o a o o o o o e A e
s a e aa e ! e Al e Al
R B A A ol AR B A A E A A
L E .v.v. ! .v.v.”.v.v oy P P B B B e r.vnvr.v.r.v” Fal

-

A,
X,
A,
A,
A,
L X,

l!:.!!!!l!'!- J
>, F‘!‘I?'!v?'!‘!?l!

L
oo

A

U.S. Patent



US 7,872,856 B2

F

oA ke b b b b dr & 0 & i J 0

P i

2k kb h kb ok kNN

Jrod b de de b dr b 0 O b 0 M

N

Sheet 11 of 16
500

500

N
o N - o Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂv
e e SE N
NI & % o M A M AN NN
B A A N N M N N M N
& & W
i HHHHHHHHHHHHHHHHHHHF

B A N N M N N M N

* .r.._ .r.r EHHHHHHHHHHHHHHHHHH?

P O o M NN M N N

de A de SN NN N
Sk M NN N

e A O BEE NN NN N
L A N A M K K A KN N
dr de Se Sl N I
PN o o 0 o M A M N N N
e A A de de T NN
P P M o a8 A A M NN
dr A A O b N NE SN N
r ERENLIL A M K K A KN A K NN
ae ae de S
P P O M N N M N N

de de de N N NN N
DI M 0 o A A M AN
.r.__.r.__.r E N NN

gt : ..
.r.__ .r.._ .r.._ o .H”HHH”HHHHH”HHHHH“HFU
LI A A N M M M K A KN

L N N
Jrodr o dr b b JEY L ) ) L
ook Ak FHHHPHHHFHHHFHHHPHHH J

Jan. 18, 2011

o A
S Hxnxﬂxﬂxuxﬂxﬂxnxﬂxﬂxrv
P e X X N A MK MK K

™

A
A e a
rxuxrxxxrxx”

M
H
F
)

dr dr BN NN s
R X o o o o A A A M N A
.-.r.-.r A M N MM NN NN

W b b &
“, F I
a b N
.'.r.'.r.fx
PRty oo
e, XA ;
e o
& i
u A A

x.xx.xx
i

e
e

L,
o,
F
2
o,
‘2
L,
)
F
2

e
xﬂ
£
P,
)
F
e

N
d o de A O e N NECNE NN NI
RPN NE I & X X M X N K N NN

U.S. Patent

EL

A

510°

FREFOR

=
»
LL.

520

SUPPORT
FOST

L L

0
u

()
0

- 8530
RACKETS Wi
FIG. 9B

q

END

FIG. 9A



U.S. Patent Jan. 18, 2011 Sheet 12 of 16 US 7.872.856 B2

260



U.S. Patent Jan. 18, 2011 Sheet 13 of 16 US 7.872.856 B2

580

=
J
2
-
e
r
1
|

i
Il
Il

|
[
i
|

FIG. 11A FIG. 11C




US 7,872,856 B2

Sheet 14 of 16

b ke b b b S dr d ko doa
e e e

X
» w s
o o o b Y
k#kk#*kﬂkk#nk##n#*kﬂkn... o ...H...H.._Lq....n...ﬂ...”...nk”.q x .4&”.._.___._1“..1
o A Al g P I A P
ar o g T o T e Tl T T T ar Ty e
e e a a e T T e a T  a a P
P T, o o T
P s el A Rl o o e T e T T o T e T T e e
P e A e e T e e
A S A Sl e e aa T  a a T Tae Ta T e T T
ool T o T T T T e o o T e o T T T T
I o e T o e e T e e e e e T e e T e o e T e T
N A A I TR o N O o A s
» o o o T o e T e o T T e T T L T e e A T o T T T T
p} Pl A e T T e T T o
e e U e o e e e .......H........._....... ....................................H.._.q.....-....u... o o el e ....r.......................................................r.“.r....__
. . o T e e e a e aa  aa  Taa  ae a e T e o e T e T e e e e e T
e T e T o e T e e e ae a e a ae a Ta a  a a T a Ta  T T P P
e e aa T T a a Tar Tar a a Tar a ae Tar a ae Tr Ta a Be Ta a  Ta Ta o P
e e T e a T a  Tae a o T e o e T o e T T e e T o A e
. . N N A o Sl ar e P P N N
T ae o T e o T e o o T o e T o e T T o T T T T a T A e e
. a e T e o e T a a ae Tar ae a aar a  a fe  TaTa  Ty ks T T A ek
e T T e e T e o e T o e T T e T T T E o R s
e I A N el el el el s Sl el ol el sl y o T o e a o T e T e T T
e T e T e T e o e T o e T T e e T o T T o e T e e T e
el B o T g e e T e T T e T T
: o oA T T o T o T e T T T T T T : o T T e T e g
. . ioa Ak Tl " e T T T e AT T
IR o N P A Aa e e e T e e e e T e e T T e e T e
e e w T w ar o o e T T o R T o T T e o ar a T a  la a Taa ao T a a T Ta a T Ta a a aTa
T e T e e T T e e T ae e T T x'& e T e T T Ty P
. . T A N e NN A NN o, “.H..........................._.......... ........._............._H.q“..........................._.................._..r... .......r....rnu.u....r
. Xk e e T e a a  a  a a  Ta a a Ta Ta elgTa a a T
Xk P h_ 3 T A e T T e oA
e P g el e el v e T T a A ar a a arar  d ae a alE dr aar
dodr dp A dp ok LR kY ak hE L dr ow o dp e dp e dp Ay dr od ow b
: T ey e gy g gl g glagh, Sl A e e T e
. . B = T e e T T T T . . o e e e T
T e e e T e T P N s
e e ar i T o T e T o o T T e T T
T o o e T o e T . . A T e T
; . W I NN A NN * i . Ta N ML NN
. Fly o 3 e e T T e ? Rl e a T
.Hu_ [ S e e R R S S By H ........._..._.t.r........!.r.._.....
iy 3 ar e g d ey
) .”v_ 9 H...H...._-.._.H... H... -
. . C g o X

ii!:.!?l!.

u..u_.u.. v.! HPF v!v X, A

iy o o
L [ A M N A M E g
. ]

] A F
A A x

E i N A
. . .
X E
. .

] El
o o
]

A |

A A
Ao

>y

o

i

i - i S :

T n”a nnnnnxn n”n”n n”nnn X n”nnnna xR
g g T e R o X
T I I I I I I I I I

)

XA X »

o o e XX * o odk
o x - .
X X x

Sl o
_“?!:.!?! . -l'!

,
I B

ol

™
¥
xox

.#.
()

Ca
\
¥

¥

Ay

x'x
r

'r:lr EX)
"
Fr

L
r
L]

|r

¥
x ok
P
%
rx

& &
L]
r

. %
¥

N

T
[

Fl!_.lii!!?!.

a

]
i
i

r

oy
aa N
s
L)

»
s

ok
et

_.;::
X
I
P
- L '!-_!- L

W
)
.

&+

IS

i

X

IS

i

¥ x B
e ....H... 4

e e e T i o T TS,

i
i X

£
i
X
IS

h_

ik Ea)

)
X
X
)

ar ]
X
T
*l
o
r
I
i
I
i
X
i
I
i
I
i
X
i

. ' ' ) " A TR N h Y ..r...
. LN "o
. - W i [
SRS O £ o
) ) ;i i e a x| X4
. a " o
) ' ' ) .u_”v_ - Pl
. . ~l o
) ) .r.u_ o '
. . . .l
. . - &
. e RN .

. -
2. K J

. oy T .HE ”H” H.HH. !.H”F.
MM NN N
o, LN
Y

0
i a
I

I T B i e e
EN)
I*lblklbl*hbl*lbl*bbhb
llllllllllE:h
#*#*#*#:#:#:#:Jr:#*lr*# it
; X X & |
. ) N
x
KK

k]
HHHHHHHHHH
E X,

- . . - ] HHHHHHHHHH E HH
- . . | i LA L oy Al Al A A
x x oM o

A e

X

ik

r
i
ar
a

n
i

O
]

P
Ll S Sl

i
¥
'
i
X

Jan. 18, 2011

U.S. Patent

-
d dr d d d d kb Ak A
N LML AL ML Ml
:Jr:Jr:Jr:Jr:Jr:Jr:Jr: :I:Jr$lr:
e ety X
s
|
N e
) XK
. -I.I"r E
. X

i
s

e la s
. M M

'Y

J .M!!. J

'Y

]

‘e

X a o ki
Ea
e e

b .H?!
2

W
¥
¥
X
¥
¥
X
¥

o

. - h
o ...._,.H#Hkﬂkﬂ#ﬂkﬂkﬂ#ﬂk#k“#“k“...._.. .._...u....r...........q...k“....“.,.“.q“...“.ku......anH...H...H.;H#H#H#H#H *
L, el i) Ear) R e e e iy
. . A, o ¥ N N aa aal a  Ea aaa a  t
g et ok kel Rl o g LN o ok
. X o N N e N S e
g R el L Nl N R Nl
. . X L ok e RO kol U e kg
A ¥ o Nl R g 2w A e s A R
. . ¥ L N N L o ol g aE  laaa
. & W o
. . & PTRE E N N PTT N E NN N  E E NN R A ENN

-
L |
]
L
L
]
i
X
IS
i
X
IS
M
"
.
L]
i
X
IS
i
X
IS
i
X
IS
i
L]
]
i
X
IS
i
X

170

H
A
E |
H
x
k|
X
L
L]
¥
F)
F
¥
&
F)
I
F)
F
¥
I
L ]
¥
X,
X
X
1
JI"‘_Jl'

R R e aa a  a aaE  a a C
o ke ks

¥

ar
: ol Tl k#k##.annkﬂ.q”...nkﬂ.ﬁ._.”..H.4”._..”.4H.4H._..”.4H.4”.__..44H.qH._..”.4H.4”.__.”.4H.4”...th.qu...”.qu.qu...”.qn.q”kuln.. ".ﬂ
P .. A o e EE l aE a C E a E EE E ka3l E al ol al sty s
A R e e a e e ap a atdk d adt d d de dt d ddy eyl e e e e ke
. X o e N N N e
g e Ul Sl al S M E Al aCE a3 el 30l W
. X g R N N
g Iy e e ey e U ey el e il ol ik ke &k Ak & i &k i B
X Lttt ol bl E o CaC a0 C 3 E SURE O E ok al a2l sl ol ol al alal
A i e h e e r A o e d ke d ek d  E & ki [
. X x x x x xS R U R kel aE
g L 3 aE L aE U aE bl PR M S aE U M f el al 2l
X e e e N e
g S it ey el Ak de ik ek i kR F ik X
.. 3 ol k3 a0 aC E aE ol al b e a3 a0k ak al el s
. iyl e it Sl e dp by b el e kA d kB i
. et e W
s L S 3 a2l alal aC ek 2l aE T aE l 2l al 2l 3l
. o e e
4 Al dr e el Sl el ke dk de R dr dk dp el dr k& A g A
», Sl E S 0 3 B aE O N aE a0l ANl kA okl al sl
A e I A A M Sl
. X L I ka3 aE aE aE al
g Ll Sk aCaE al l aE Nl 3l 0 3 3 aE Nl al alal 2l
. B e R T
; o W dr e d e e e d e e o d i e kg ok ki i
. » L aC L 3 S k3 a0 0 E Uk 2 a0 2 aE SERE aE aE
; Eal iyt dr et e iy byl e ey bl e A e
. W L) Lk L A N S R U aE a0 Rl e
; Ll aEaE l aEa al kbl 3l 3l 3 aE al al 2l ol sl al
. » e e e R al aa
; * dr ot dr el d i e B de ek de & d dp ke &k k& &k &
. . B Skl aE C E aE E EEE aC aE aE o aE a0 300 W A aE kMl Ut s
; * W e iy iyl e dt e e dt Sl d d e e g
. M ¥ B o o o
; » e Sk aCaE al kL 3l a3l U Ml al alal A
. . ¥ B e e e Rl s
; * W dr e el i e Bl e i i N ke ki X
. ¥ B L C O 3 C 0k 3l mE b bl b 2 a0 3l bk kb ol sl
X * dp b p Sl el A By bl e A ar ek b
X "B Lk N A I A s
g * Ll Sl aE al k2l EaE 3 a0 30 aE al 0 Ml al 2l 3l
. X » L e
g dp el el ik kB b & ek ke i
X * B Sk T N aE E R aE Nl aE 3 E N ks
A 9t dr Sy dy e dp b e dtdr e 0t dr e d d e A X
. X L e N N
4 S aE kS al al L 3l L 3l 3 3l 3l Ml ar ol 2
; L e e e T sl
o T e A d R A A e i dd ke d ke Bk k& ke k& ok ke kX
.. ) Lkl k3 2 aE b 3l il kol al b 2l O 3 kol sl U
- - iy dp A et il e e iyl ey iy e iy dr
ol . | ml L A N SNl T
AN L L aC 0 3 30 E E a2l Bl al 30l 200 3 Skl 2l sl 2l 3l
. w BER L e
¢ S W ir ey i el el ki e il & ke kR
Ll L E Bk aE a0 3 EaE k0l aE al ok al sl 3 3l k2
. Wiy dr eyl e e d ki i A
. X i) L 3 3 Tl al  al Nk 3 )
A EC a0 3 a0 aE a3l U Bk sl al l sk a0 2 sl ol o
N L N e
2 e dr iy e el e el ki bk Rk kg B
) X, Il.'ll .T._. * r”.-.l..__ * l..-_l..-_l..-.l..-.l..-.l..-.l..-...1 § l..rl..-_l..-_l..-.l..-.l..-.”.._ l..._ ;.....
Hm! .”..T.“..T.J. o .T.-..T}.T .T.T.T.'..T.'..T.-..TI .T.-..T.T.T.J..T.'..T.-..TI .T.-..T.T.T.J..Tb.*.a.‘ .T.'..T}..r -
) ! .

‘e

'HM'H

!?!

~
LA

>

oo REAT EXCHANGER




US 7,872,856 B2

Sheet 15 0f 16

Jan. 18, 2011

U.S. Patent

710

-
-
g

»
-I-.-
S .
[ .
o S -_I-_-I-.-_-.r. '
) H&”...H&H*H...”&H;”...”&H.._-. L -_"-_ "l e
P aa
e e i »
e e T e e -_I-_-_
X T T e »
e "

e
k) "
&&#H#H;H#H&H&H...H&H&“-_u-l" -"

X i i e i e i i
de i i i e W
)
Cal ol ol
)
b b e e e R R
dr i i i e e i e ol
L AL N A N

TR T

Ea )

i
X
X
X
X

i dr
i a i i ”.._.H...”..._...-_ >
iy e

F
¥
F

)
F
¥

¥
X
X
X
X

X
F
F
¥
F
F

H...HJH*H...”...H.;H...”JH...”... e A
dr dr i e e i '
ar iy dr ey
& dr & Ak d
i dr e e
iy d
ik d Ak A
PN LY
i iy e e B
...”&H*”...”&..._-_

i de ki

Ea )
iy d
Pl
& i i
T a

r
¥
L ]

&
Al

u
% & b
L

L
)

n

LA
|

|

A

A

|

|

)
»
L
|
|

3 o
L )
d e e i e

)
P L e

»
T e T

A MM sl
)

¥
Fy
Eal)

.............H...”...H...H&”...”&H&”......
X e i i e i
dy iy iyl
i ek b e Ak kB »
o AL N LA e
& e dr e e e d e
A e i e ke R
A S N
dp e dp i e de e de
i dr e e e i e e
ap iy dp ey dr ek
Ll
drdr e e i e e
o
W dp dr e iy dr b i i
L AC k3 ol o
e iy g dp e iy iyl e e
drdr dr ol e b A
i dr e e e i
- S
)
I ir e i e e i

Ay iy dr e ek
Pl
EaEalal sl
LM
bt
[

ll"ﬂ"l“l".
KERERIKE R
R R R X
EE K K R A
KEERERRETR
"lllllllll?

H&H#H&H...H...H...H.q......
i ip e i i

...#H...”...H...”...H&H...”...”.q
o
N
i i ......&”...”...H...”...Ha"
L

e O e iy e e
i i
i

*
¥
¥
F3

X
X
X
[
F3

¥
F3
¥
F3
F3
F3
F3
F3
F3
*ﬁ'

Iy
F3
Fy
¥

R NN NN
e e e e e e
N N
i i i e i i
E N

»
Fa)

[
F3

X

K

X ¥
F)

F3
¥
¥
F3
¥
¥
F3
¥
¥

F
F
¥
F

ar
X

MAAXXMANN .
i i i E R A

[ ]
M LALLM M X K

Ll
X &
X K
Fy

n

'
F)
»
¥
»

" i H...”...”...H...”...H_..H.._...
s RN M NN
P e ' e
EERRE XN Ll il aE )
xR R iy iy iy
- RN N
Illlllllllﬂ. 1 o A &
R R R R N i
R r
X R R
ERRERERN !
e
[ m e x m n 2
Lo R N
W
i ER R ERE A
o
[ e e X
i EERRE RN
i ERRERE X I
Lol e
-
i
Lol .
[ r e
i ERERXEX
_-H._._ nn"a"__."a e x|
i x m X
-H._.. la"x"a R
R
L
.4“.__.la"
_-H.-_an
.-.“._._n )
- '
i &

760

750

FIG. 13



U.S. Patent Jan. 18, 2011 Sheet 16 of 16 US 7.872.856 B2

150

250

LIRS i [
mi Ini i Wi Vn CazCiiTiiE e
"E’“;:"‘E-’:‘E"h' o R e s R
l- ) I. - i " I,
. L
= 5

I TER T
i
4
.

Al B I LT
R e e e

AT
iRy
i

i

260

FIG. 14

434



US 7,872,856 B2

1

HYBRID VEHICLE PROPULSION ENERGY
STORAGE SYSTEM

RELATED APPLICATIONS

This 1s a continuation of pending application Ser. No.
12/343,957 filed Dec. 24, 2008, which 1s a continuation of

pending application Ser. No. 12/343,271 filed Dec. 23, 2008.
All of these applications are incorporated by reference herein

as though set forth 1n full.

FIELD OF THE INVENTION

The field of the invention generally relates to an energy
storage specially adapted for a hybnd electric vehicle. In
particular, the invention relates to a high-voltage, high-power
ultracapacitor energy storage pack composed of a large num-
ber of serially connected 1individual low-voltage ultracapaci-
tor cells that store propulsion energy.

BACKGROUND OF THE INVENTION

The connecting together of individual battery cells for
high-voltage, high-energy applications 1s well known. How-
ever, the chemical reaction that occurs internal to a battery
during charging and discharging typically limits deep-cycle
battery life to hundreds of charge/discharge cycles. This char-
acteristic means that the battery pack has to be replaced at a
high cost one or more times during the life of a hybrid-electric
or all-electric vehicle.

Batteries are somewhat power-limited because the chemi-
cal reaction therein limits the rate at which batteries can
accept energy during charging and supply energy during dis-
charging. In a hybrid-electric vehicle application, the battery
power limitation manifests itsell as an internal series resis-
tance that restricts the drive system elliciency 1n capturing,
braking energy through regeneration and supplying power for
acceleration.

Ultracapacitors are attractive because they can be con-
nected together, similar to batteries, for high-voltage appli-
cations; have an extended life of hundreds of thousands of
charge/discharge cycles; and have a low equivalent internal
series resistance that allows an ultracapacitor pack to accept
and supply much higher power than similar battery packs.
Although ultracapacitor packs may be more expensive than
battery packs for the same applications and currently cannot
store as much energy as battery packs, ultracapacitor packs
are projected to last the life of the vehicle and offer better
tuel-etlicient operation through braking regeneration energy
capture and supplying of vehicle acceleration power. Further-
more, the price of an ultracapacitor pack has the potential to
decrease significantly because of economies of scale 1n
known manufacturing techniques.

During charging and discharging operation of the ultraca-
pacitors, parasitic effects, as modeled by the equivalent series
resistance, cause the cell temperature to increase. Cooling 1s
required to minimize increased temperature operation that
would degrade the energy storage and useful life of each
ultracapacitor.

Other than operation/performance, the key consideration
for ultracapacitor packs in a heavy duty hybrid-electric
vehicle 1s heat dissipation. The ultracapacitor cells used in
ultracapacitor packs are constructed as layered sheets of con-
ductive material and dielectric, wrapped around a central axis
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characteristics of this construction are such that most of heat
generated by the cell 1s transterred to the environment via the
two ends of the cell. Currently, heat dissipation 1s accom-
plished by blowing cooling air across the cylindrical bodies/
cases of the cells.

Ultracapacitor packs in vehicles, especially heavy-duty
vehicles, reside 1n a harsh operating environment and face
unique challenges not present 1n non-vehicular applications.
In particular, the vehicular environment is dirty, hot, and
subject to vibration. Current implementations attempt to
address these problems, but leave room for improvement and
innovation.

In heavy-duty transit bus applications and other heavy duty
vehicle applications higher performance and smaller size ult-
racapacitor packs are required, especially where ultracapaci-
tor packs are required to be placed on the roof of the heavy-
duty transit bus or other heavy duty vehicle.

SUMMARY OF THE INVENTION

An aspect of the invention mvolves an energy storage cell
pack cradle assembly of an energy storage cell pack including
multiple rows of energy storage cells oriented along a domi-
nant axis of vibration, the energy storage cells including an
energy storage cell body with a casing, opposite end portions,
and respective electrically conductive terminals extending
from the end portions. The energy storage cell pack cradle
assembly includes a first cradle member including a plurality
of energy storage cell body supporting structures including
respective holes, a second cradle member including a plural-
ity of energy storage cell body supporting structures includ-
ing respective holes and one or more fasteners connecting the
first cradle member and the second cradle member together.
The energy storage cell body supporting structures are con-
figured to structurally support the energy storage cells, with
the energy storage cells oriented along a dominant axis of
vibration, by the energy storage cell bodies with the respec-
tive electrically conductive terminals extending through the
respective holes without structural support of the electrically
conductive terminals by the cradle members.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 1n
and form a part of this specification, illustrate embodiments
of the mvention and together with the description, serve to
explain the principles of this invention.

FIG. 1 1s a top plan and perspective views of an embodi-
ment of an ultracapacitor pack system.

FIG. 2 1s an exploded perspective view of an embodiment
ol an ultracapacitor energy storage cell pack of the ultraca-
pacitor pack system illustrated 1in FIG. 1.

FIG. 3 1s an exploded perspective view of an embodiment
of an ultracapacitor pack assembly of the ultracapacitor

energy storage cell pack of FIG. 2.
FIG. 4 A 1s aperspective view of an upper cradle member of

the ultracapacitor pack assembly of FIG. 3.

FIG. 4B 1s a perspective view of a lower cradle member of
the ultracapacitor pack assembly of FIG. 3.

FIG. 5 1s a perspective view of an alternative embodiment
of an ultracapacitor pack assembly.

FIG. 6A 1s a perspective view of the ultracapacitor pack
assembly of FIG. 3 after a first step in a method of assembly
of the ultracapacitor pack assembly.

FIG. 6B 1s a perspective view of the ultracapacitor pack
assembly of FIG. 3 after a second step 1n a method of assem-
bly of the ultracapacitor pack assembly.
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FIG. 6C 1s a perspective view of the ultracapacitor pack
assembly of FIG. 3 after a third step 1n a method of assembly
of the ultracapacitor pack assembly.

FIG. 6D 1s a perspective view of the ultracapacitor pack
assembly of FIG. 3 after a fourth step 1n a method of assembly
of the ultracapacitor pack assembly.

FIG. 7 1s a perspective view of an alternative embodiment
of an ultracapacitor pack assembly.

FIG. 8A 1s a perspective view of a further embodiment of
an ultracapacitor pack assembly.

FIG. 8B 1s a perspective view of an ultracapacitor and an
embodiment of ultracapacitor holders for spacing and secur-
ing the ultracapacitors in the ultracapacitor pack assembly of
FIG. 8A.

FIG. 9A 1s a top perspective view of a still further embodi-
ment of an ultracapacitor pack assembly.

FIG. 9B 1s a bottom perspective view of the ultracapacitor
pack assembly of FIG. 9A.

FI1G. 10 1s a perspective view of an embodiment of terminal
heat sinks and an interconnect for a pair of ultracapacitors.

FIG. 11A 1s a side elevational view of another embodiment
ol a terminal heat sink being applied to an ultracapacitor.

FIG. 11B 1s atop plan view of the terminal heat sink of FIG.
11A.

FIG. 11C 1s aside elevational view of the terminal heat sink
of FIG. 11 A shown applied to the ultracapacitor.

FIG. 12 15 a cross sectional view of an embodiment of an
ultracapacitor pack cooling system of the ultracapacitor
energy storage cell pack of FIG. 2.

FI1G. 13 1s a perspective view of an alternative embodiment
of an ultracapacitor energy storage.

FI1G. 14 1s schematic view of an ultracapacitor and shows
how the ultracapacitor 1s supported in an embodiment of the
cradle assembly of the ultracapacitor pack assembly.

DETAILED DESCRIPTION OF THE INVENTION

This disclosure of the invention 1s submitted in furtherance
of the constitutional purposes of the U.S. patent Laws “to
promote the progress of science and useful arts” (Article 1,
Section 8).

With reference to FIG. 1, an ultracapacitor energy storage
system 100 constructed 1n accordance with an embodiment of
the 1invention will be described. The ultracapacitor energy
storage system 100 includes a plurality of ultracapacitor
energy storage cell packs 110 connected to a central water
chuller 120 or cooling supply for cooling ultracapacitors of
the ultracapacitor energy storage cell packs 110, and a con-
troller 130 for controlling cooling of the ultracapacitor energy
storage cell packs 110 and/or controlling electrical functions
(and/or other functions) of the ultracapacitor energy storage
cell packs 110. As illustrated 1n this particular embodiment,
cach ultracapacitor energy storage cell pack 110 here includes
48 (6x8) ultracapacitors oriented so that the longitudinal axis
of each ultracapacitor 1s vertically oriented. This configura-
tion, along with the compact nature of each ultracapacitor
energy storage cell pack 110, provides for low profile, modu-
lar ultracapacitor energy storage cell packs 110 that can be
arranged 1n a variety of different configurations and numbers
to provide the desired energy storage for the particular appli-
cation. For example, FIG. 1 shows an exemplary configura-
tion of six ultracapacitor energy storage cell packs 110 for
assembly onto a rooftop of a metropolitan transit bus for
supplying power to propel the bus. In other applications,
different configurations, arrangements/orientations, and/or
numbers of ultracapacitor energy storage cell packs 110 may
be provided. In alternative embodiments, the inventive prin-
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ciples described herein are applied to batteries 1n a battery
pack or other power supplies 1n a power supply pack.

FIG. 2 1s an exploded perspective view of an embodiment
of the ultracapacitor energy storage cell pack 110 of the
ultracapacitor energy storage system 100 1llustrated in FI1G. 1.
FIG. 3 15 an exploded perspective view of an embodiment of
an ultracapacitor pack assembly of the ultracapacitor energy
storage cell pack of FI1G. 2, further exploding cradle assembly
160. Here, the exemplary ultracapacitor energy storage cell
pack 110 includes an ultracapacitor energy storage cell pack
assembly 140 with 48 (6x8) ultracapacitors 150 secured 1n
place relative to each other, housed within, and protected by
cradle assembly 160. In the embodiment shown, the ultraca-
pacitors 150 are Maxwell—Boostcap® Ultracapacitors

model BCAP3000, rated at 3000 Farads, 2.7 Volt operating
voltage, >1 million duty cycles.

With reference to FIGS. 3 and 10, terminal heat sinks 170,
which are disposed outside of cradle assembly 160 for cool-
ing the ultracapacitors 150 1n a manner to be described, are
thermally connected to terminals 240 extending ifrom oppo-
site ends 250, 260 of each ultracapacitor 150. Interconnects
270 form an electrical bridging device that electrically con-
nects terminals 240 from adjacent ultracapacitors 150 (to
connect the ultracapacitors 150 1n series).

Referring to FIG. 2, the ultracapacitor energy storage cell
pack 110 includes a housing 180 comprised of an upper cover
190 and a lower cover 200. The housing 180 includes fastener
mechanisms for fastening the upper cover 190 to the lower
cover 200. On an interior of the covers 190, 200 are structural
supports for supporting the ultracapacitor energy storage cell
pack assembly 140 at attachment/mounting points on the
ultracapacitor energy storage cell pack assembly 140. The
attachment/mounting points may be selected such that the
pack assembly 140 1s oriented 1n an advantageous orientation.
Disposed within one end of the housing 180 1s a blower and
cooler assembly 210 with a cross flow fan/flow source 220
and a heat exchanger 230. Although not shown, circuitry may
be electrically coupled to the terminals 240 1n a well-known
mannet.

With reference to FIGS. 3, 4A, and 4B, the cradle assembly
160 of the ultracapacitor pack assembly 140 will be described
in more detail. As illustrated, the cradle assembly 160
includes a vacuum-formed or pressure-formed plastic upper
cradle member 280 and a matching vacuum-formed plastic
lower cradle member 290 that form respective upper and
lower array support structures for holding the ultracapacitors
150 by opposite end portions of the ultracapacitor cell bodies
instead of by their terminals 240. In the embodiment shown,
the cradle members 280, 290 may be made of a nonconduc-
tive material such as FR59 plastic. Each cradle member 280,
290 includes a peripheral flange 300 with spaced bolt holes
310 therein. The flange 300 surrounds a central recessed/
raised section 320 (1.e. recessed on an inner surface 350/
raised on an outer surface 360). Circular slots 330 are dis-
posed 1n a wall/partition 340 of each cradle member 280, 290
to provide a terminal interface allowing the ultracapacitor
terminals to pass through. Each slot 330 includes a recessed
annular wall 330 that projects outwardly from outer surface
360. The annular wall 330 has a diameter slightly smaller than
an exterior diameter of the ultracapacitor 150 for securably
receiving (1.e., to provide spring force and/or grip on) the end
portions 250, 260 of the ultracapacitor 150. In certain appli-
cations, the cradle assembly 160 may be further configured to
direct air flow across the terminals. For example, the cradle
assembly 160 may include vanes and/or form ducting such
that air/coolant does not bleed out of the desired flow path,
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such that additional coolant 1s directed toward “hot spots™ on
the pack, such that back pressure on the flow source 1s
reduced, etc.

One of the many advantages of the cradle assembly 160 1s
that 1t enables the ultracapacitors 150 to be placed closer
together than was possible in the past, making for a more
compact ultracapacitor pack assembly 140. To this end, the
slots 330 are disposed very close to one another. An additional
advantage of disposing the slots 330 so close together 1s that
the annular walls 330 are disposed close enough together so
that the plastic material that forms structural support for one
annular wall 330 adds to the structural support and rigidity of
an adjacent annular wall 330. This increases the structural
support provided by the slots/cups 330, increasing the struc-
tural support of the cradle assembly 160 (1.e., the plastic
material forming the annular walls 330 doubles 1n on 1tself to
form the additional structural support.

The annular wall 330 terminates at a proximal end 1n the
wall/partition 340 and terminates at a distal end 1n annular
flange 380. Annular flange 380 extends radially mwardly
from the annular wall 330 and includes a central hole 390 with
a diameter larger than an outer diameter of the terminal 240
(so the terminal 240 can pass there through) and smaller than
the outer diameter of the ultracapacitor 150 so that the end
portions 250, 260 of the ultracapacitor 150 abut the annular
flange 380 while the terminal 240 passes through the hole
390. Thus, the circular slots 330 form cups for securably
receiving end portions 250, 260 of the ultracapacitors 150.

Preferably the ultracapacitors 150 are oriented along the
dominant axis of vibration (See FIG. 14), which 1s typically
vertically, as shown, for vehicle applications. The ultraca-
pacitors 150 are supported by their cylindrical body/case 434
and end portions/caps 250, 260 rather than by their terminals
240.

With reterence to FIG. 5, an alternative embodiment of a
cradle assembly 400 1s shown. The cradle assembly 400 1s
similar to the cradle assembly 160 described above except
that the cradle assembly 400 includes leg stands 410 for
supporting the cradle assembly 400 1n the housing 180. In
turther embodiments, the cradle assembly 160, 400 includes
additional or fewer features, such as, but not by way of limi-
tation added stiffening ribs (e.g., integrally formed with the
cradle members 280, 290) or separate stiffeners (not shown)
added between rows/columns of ultracapacitors 150 to add
structure 1n the cradle members 280, 290 or a smaller flange
300 (or no flange 300).

In an alternative embodiment, the ultracapacitors 150 are
laterally supported or slid mnto a middle support structure
between the cradle members 280, 290 (or other top/bottom
support plates/structures). The middle support structure may
be used for fire suppression, stress relief for the cradle assem-
bly, vibration dampening, additional structure, and/or stabil-
ity.

With reference to FIGS. 2, 6 A-6D, and 10, an exemplary
method of assembly of the ultracapacitor pack assembly 140
will be described. First, with reference to FIG. 6 A, the ultra-
capacitors 150 are assembled into the slots/cups 330 of the
lower cradle member 290 so that lower end portions 260 of
the ultracapacitors 150 rest on the annular flange 380 while
the terminals 240 pass through the holes 390. Second, the
upper cradle member 280 1s assembled onto the ultracapaci-
tors 150 so that top end portions 250 of the ultracapacitors 150
rest on the annular flange 380 while the terminals 240 pass
through the holes 390 (1.e., top end portions 2350 are
assembled 1nto the slots/cups 330). Third, the interconnects
2770 are assembled so as to electrically connect terminals 240
from adjacent ultracapacitors 150 (to connect the ultracapaci-
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tors 150 1n series). Fourth, the terminal heat sinks 170 are
fastened to the terminals 240. Fasteners (e.g., bolts/nuts) are
used to connect the flanges 300 of the cradle members 280,
290 together and the ultracapacitor pack assembly 140 is
inserted into the lower cover 200. The cradle members 280,
290 generally enclose and protect the ultracapacitors 150 so
that the ultracapacitor pack assembly 140 forms a module.
The ultracapacitor pack assembly 140 may be supported 1n
the ultracapacitor energy storage cell pack 110 by the flanges
300. The other components and/or circuitry of the ultraca-
pacitor energy storage cell pack 110 may be installed into the
lower cover 200 before, during, or after the ultracapacitor
pack assembly 140 1s assembled and inserted into the ultra-
capacitor energy storage cell pack 110.

The ultracapacitor pack assembly 140 1s advantageous
because 1t 1s quick, easy, and inexpensive to assemble/manu-
facture, includes fewer components that ultracapacitor pack
assemblies 1n the past, relieves the terminals 240 from sup-
porting the ultracapacitors 150, i1s vibration resistant, forms a
streamlined, compact ultracapacitor pack assembly, offers
excellent high voltage 1solation protection, provides robust
environmental protection of components, particularly the ult-
racapacitors 150, for heavy duty applications, and provides
excellent thermal insulation to reduce system heat rejection
requirements. Its modularity gives vehicle manufacturers and
integrators flexibility in configuring the energy storage on the
vehicle. In addition, it provides for a single, uniform module
that can be used 1n varying numbers to meet diverse energy
storage requirements.

As 1llustrated 1n FIG. 14, the ultracapacitors 150 are dis-
posed/supported with their longitudinal axis vertically ori-
ented. End portions 250, 260 and body 434 of the ultracapaci-
tors 150, as opposed to the terminals 240, are structurally
supported 1n the slots 330 of the cradle members 280, 290,
protecting the structural integrity of the ultracapacitors 150
and preventing damage to the terminals 240 or damage to the
ultracapacitors 150 from being structurally supported by the
terminals 240. Vibration during vehicle travel 1s often in a
vertical (up and down) direction as shown. Structurally sup-
porting the end portions 250, 260 and the body 434 of the
ultracapacitors 150, with the ultracapacitors 150 vertically
oriented as shown, protects the structural integrity of the
ultracapacitors 150 during vibration of the ultracapacitor
pack assembly 140 and vehicle. The cradle members 280, 290
combine to form a protective, sealed, enclosed housing/
cover/box for the ultracapacitors 150, protecting the ultraca-
pacitors 150 from dirt, dust, debris, water, and other contami-
nation.

With reference to FIG. 7, an alternative embodiment of an
ultracapacitor pack assembly 420 will be described. Similar
to cradle assembly 160, the ultracapacitors 150 are supported
by the opposing end portions 250, 260 of their casings, how-
ever, rather than wrapping down the sides of the array of
ultracapacitors 150 and coupling to each other, the supporting
members are kept apart and do not generally enclose the
ultracapacitors 150. Instead, the upper and lower supporting
members are coupled to each other via an intermediate mem-
ber. In this way access 1s provided to the center area of the
ultracapacitors 150 between their terminals 240. This may be
beneficial for routing electronic circuitry (e.g., monitoring,
balancing, and protection circuitry). Also, this may provide a
supplemental cooling path to cool the ultracapacitor bodies
434 1n addition to their terminals 240. For example, as 1llus-
trated 1 FIG. 7, the ultracapacitor pack assembly 420
includes an upper support board (e.g., FR4 board) 430 and a
lower support board 440 with holes therein to receive end
portions of ultracapacitors 150. As above, the ultracapacitors
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150 are oriented along the dominant axis of vibration (See
FIG. 14), which 1s typically vertically, as shown, for vehicle
applications. Similarly, the ultracapacitors 150 are supported
by their cylindrical body/case 434 rather than by their termi-
nals 240. Vertical support members/posts 450 couple and
support the support boards 430, 440 and rest of the ultraca-
pacitor pack assembly 420 with reference to each other and to
the housing 180. Plastic brackets 460 are inexpensively dis-
posed on outer surfaces of the support boards 430, 440 for
retaining the end portions of the ultracapacitors 150 1n the
Z-direction relative to the support boards 430, 440. Plastic
blind nivets/plastic split shanks 470 are used to fasten the
plastic brackets 460 to the supports 430, 440 via holes 1n the
support boards 430, 440. It 1s understood that other means
may be used to secure the ultracapacitor in the vertical direc-
tion. For example, upper and lower support boards may inte-
grate a cup interface to recerve and restrain the end portions
250, 260 of ultracapacitor 150. Likewise a ring section of a
second board may be attached to support boards 430, 440
wherein 1ts mner diameter 1s larger than the terminal but
smaller than the end portion of the ultracapacitor cell, and the
diameter of boards 430, 440 are approximately the same as
that of the cell.

With reference to FIGS. 8 A and 8B, a further embodiment
of an ultracapacitor pack assembly 471 will be described.
Here, a different approach 1s taken. Ultracapacitors 150 are
equipped with adaptors or holders that transfer support load-
ing to their end portions 250, 260. In addition, the adaptors/
holders 4735 extend the mterface with the ultracapacitor to
provide a flow path for a coolant to convect heat. For example,
as 1llustrated, the ultracapacitor pack assembly 471 includes
an upper support plate (e.g., ABS/PVCplate) 472 and a lower
support plate 473 with sets of support holes or slots on 1nner
surfaces of the plates 472, 473 to receive spacer supports or
support pegs 474 (F1G. 8B) of ultracapacitor holders 475. As
above, the ultracapacitors 150 are preferably oriented along
the dominant axis of vibration (See FIG. 14), which 1s typi-
cally vertically, as shown, for vehicle applications. Vertical
support posts 476 couple and support the support plates 472,
4’73 and rest of the ultracapacitor pack assembly 471.

The ultracapacitor holders 475 function as extension
devices, one for each end of the ultracapacitor 150. Moreover,
the ultracapacitors 150 are supported by their cylindrical
body/case 434 rather than by their terminals 240. As 1llus-
trated, the ultracapacitor holders 475 include annular cuils
477 that are akin to cup holders and slidably receive en
portions of the ultracapacitors 150. The support pegs 474
extend from the annular cull 477 and are circumierentially
spaced along the annular cuif 477. When assembled as shown
in FIG. 8A, the ultracapacitor holders 475 perform the fol-
lowing functions: (1) space the ends of the ultracapacitors 150
from the inner surfaces of the support plates 472, 473; (2)
provide a passage for coolant (e.g., cooled air tlow) to pass
over the terminal heat sinks 170 for cooling the ultracapaci-
tors 150; and (3) provide an interface with the support plates
472, 473.

Preferably, the ultracapacitor holders 475 and the support
plates 472, 473 are interfaced so that the ultracapacitor hold-
ers 475 can not rotate, translate, or pass through the support
plates 472, 473. In this way coolant flow can be better con-
trolled 1n a predictably way. Once the ultracapacitors 150 are
positioned, the support plates 472, 473 are fastened together,
thus holding the ultracapacitors 150 by their cylindrical bod-
ies/cases 434 only. The unified structure can then be sup-
ported by a housing of the ultracapacitor pack assembly 471.
This embodiment lends itself well to low cost mass produc-
tion wherein the uniform end holders are placed on both ends
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of the ultracapacitors 150 and inserted into machined slots 1n
the support plates. Preferably, the machined slots are keyed
such that the resultant flow path 1s made 1n an optimal prede-
termined manner.

With reference to FIGS. 9A and 9B, a still further embodi-
ment of an ultracapacitor pack assembly 500 will be
described. Here, the ultracapacitor casings are supported both
laterally and at their end portions, For example, as 1llustrated,
the ultracapacitor pack assembly 3500 includes a support
matrix 310 (e.g., a foam or polymer core) with cylindrical
holes therein having a diameter similar to the external diam-
cter of the ultracapacitors 150 for slidably receiving/support-
ing the ultracapacitors 150 therein. In addition, the support
matrix 510 may have plastic dividers or other support mem-
bers disposed therein (e.g., elongated, thin plastic support
dividers disposed between rows and/or columns of ultraca-
pacitors 150) for adding structural support to the foam core
support matrix 510 for example. Preferably, the ultracapaci-
tors 150 are onented along the dominant axis of vibration
(See FIG. 14), which 1s typically vertically, as shown, for
vehicle applications.

The ultracapacitors 150 are supported by their cylindrical
body/case 434 rather than by their terminals 240. In particu-
lar, the ultracapacitors 150 may be held 1n position by friction
force applied to the external surface/sides of the cylindrical
body/case 434. For example, where multiple ultracapacitors
150 are supported, the ultracapacitors 150 may be held by a
pressure-fit within a supporting structure (e.g., a foam core
support matrix 510, a grid support structure having a friction
interface (not shown), etc.). In the embodiment shown, the
cylindrical holes of the support matrix 510 are slightly
smaller than the external diameter of the ultracapacitors 150;
the ultracapacitors 150 may be supported primarily laterally
by their casings.

Alternately, the ultracapacitors 150 may be positioned and
held 1n place by 1njecting foam (or other setting material)
between the ultracapacitors 150 and a supporting structure.
Preferably, the multiple ultracapacitors 150 are positioned 1n
a structural grid, and then the filler material 1s applied. In this
way, individual ultracapacitors 150 may be removed without
disturbing the balance of the array. In an alternative embodi-
ment, the structural grid may be supported by a housing of the
entire energy storage pack. Alternately, when using the struc-
tural grid, the filler maternial may be a non-expanding friction
maternal (e.g., rubber, epoxy, etc.) that 1s fixed to the grid and
holds the canister 1n place.

Alternately, where the diameter of the cylindrical holes of
the support matrix 510 are slightly larger than the external
diameter of the ultracapacitors 150, the ultracapacitors 150
may be supported primarily by their end portions via end
brackets fixed to the support matrix 510. For example, as
illustrated and similar to FIG. 7 discussed above, plastic end
brackets 530 are fastened on the lower surface of the foam
core support matrix 310 for retaining the end portions of the
ultracapacitors 150 1n the Z direction relative to the support
matrix 510.

In this and the abovementioned embodiments, support
matrix 510, the filler material, and/or the grid are preferably
made from a flame resistant material. Similarly, here and
above, vertical support posts 520 may be used to support the
support matrix 510 within the rest of the ultracapacitor pack
assembly 500.

With reference to FIG. 10, the interconnects 270 and the
terminal heat sinks 170 will now be described 1n greater detail
in turn below. Each interconnect 270 forms a conductive path
between the terminals 240 of two ultracapacitor cells 150. In
this way multiple cells can be electrically coupled in series,
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thus aggregating the total voltage of the cell to a level suitable
tor hybrid-electric propulsion applications. For example, as
illustrated here interconnect 270 may be made from a solid
stamped piece of aluminum including a pair of flat terminal
receivers 540 with holes 542 therein to receive the terminals
240 of the ultracapacitors 150. Additionally, interconnect 270
may include an access point for cell control and monitoring.
In particular, extending upward from the flat bridge section
554 1s a terminal 560 (e.g., for connecting monitoring or
control circuitry such as balancing resistor(s), control circuit,
etc.). Being primarily an electrical bridging device, 1t 1s pret-
crable that interconnect 270 be sulficiently flexible so as not
to induce stresses 1n the terminals 1n excess of 1ts tolerance
upon 1nstallation. For example, the flat terminal receivers 540
include a bridge 550, which may be flexible (e.g., thinner
material used 1n bridge 550 and/or multiple preformed bends
may be used to make this section flexible), having opposite
upwardly angled sections 552 extending upwardly and
inwardly from the flat terminal receivers 540. The opposite
upwardly angled sections 552 are joined by a flat bridge
section 554.

Each terminal heat sink 170 forms a thermally conductive
path away from the terminal 240 of ultracapacitor cell 150
that 1t 1s mechanically coupled to. In particular, terminal heat
sink 170 axially transfers heat more efliciently through the
ultracapacitor terminals, instead of radially across the inter-
nal dielectric layers and through the camister walls. Further
terminal heat sink 170 may include a heat exchanger having a
thermal performance suificiently high that the terminal heat
sink 170 provides at least half of the required cooling of the
ultracapacitor cell 150. Preferably, terminal heat sink 170 wall
be made of a material similar to that of the cell terminals. For
example, since ultracapacitor terminals are oiten made of
aluminum, terminal heat sink 170 could also be made of
aluminum. There are several benefits of using the terminal
heat sink 170 as disclosed herein. For example, while some
heat exchange takes place via interconnect 270, the incorpo-
ration of cooling surfaces (e.g., fins) would tend to stiffen the
interconnect and induce stress 1n the terminals. In addition,
the omnidirectional orientation of terminal heat sink 170, as
illustrated, provides for a single component/device for use on
cach cell, independent of the cell’s orientation in the series
string and further provides for simple 1nstallation.

The thermal performance required of terminal heat sink
170 will vary according to each application. In particular, 1t
may vary depending on parameters such as the performance
desired of the cell, the convection mode and media, the flow
rate of the convection media, the thermal gradient between
the cell and coolant, etc. Once the parameters are known, the
systemic heat transfer coetlicient and terminal heat sink ther-
mal performance may be determined as a result of a standard
computational fluid dynamics (CFD) analysis. By cooling
axially at the terminals, the cells may be cooled much more
cificiently and/or the cells may have higher performance,
making the energy storage better suited for hybrid-electric
propulsion applications.

As illustrated 1n FIG. 10, the terminal heat sink 170 forms
an energy storage cell terminal cooler/exchanger, or a device
that radiates heat from an 1ndividual terminal 240. The termi-
nal heat sink 170 couples to the terminal 240 and provides a
heat exchange surface to the surrounding environment. In the
embodiment shown, the cooling fins 580 form a convective
heat exchange surface 1n an air tlow path. The heat exchange
surface may be integrated into a fastener for the terminal 240
(e.g., a threaded nut 570). Accordingly, the terminal heat sink
170 may both couple items to the ultracapacitor 150 terminal
as needed and cool the terminal end of the ultracapacitor 150
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at the same time. In another embodiment, the terminal heat
sink 170 1s configured to bolt a busbar (or other terminal-to-
terminal interconnector/electrical bridging device) to the ult-
racapacitor 150. According to another embodiment, the ter-
minal heat sink 170 may be configured to provide lateral
support (1.e., along the longitudinal axis of the ultracapacitor
150) so as to support the ultracapacitor 150 within a housing
or enclosure. By providing more eflicient cooling and moving
the heat exchange location away from the canister walls, the
terminal heat sinks 170 enable the ultracapacitors 150 to be
packed more closely to each other so that cooling air 1s pri-
marily passed across the terminal ends. By doing so, there 1s
less need for a large cooling air/heat exchange path between
the ultracapacitors 150.

According to one exemplary construction, and as 1llus-
trated 1n FIG. 10, each terminal heat sink 170 includes a nut
570 with a threaded interior for threadably recerving exter-
nally threaded terminal 240 (see also, FIG. 11C ref. 620). The
nut 570 1s welded to a cylindrical tube (not shown). The nut
570 and/or the tube form a recerving section for structurally
receiving externally threaded terminal 240. Annular washers
or cooling fins 380 circumierentially surround and extend
radially from the cylindrical tube. A top of the terminal heat
sinks 170 may 1nclude a rotate engagement mechanism/re-
cessed tool interface 590 for rotatable engagement by/with a
rotatable tool for screwing the terminal heat sink 170 on/oif
the externally threaded terminal 240. In the embodiment
shown, the rotate engagement mechanism 590 includes a
“key” 1nterface; particularly, three geometrically spaced
cylindrical female sections (e.g. bores) for receirving three
corresponding male members of a rotatable tool for screwing
the terminal heat sink 170 on/off the externally threaded
terminal 240. Thus a key 1s required to remove the terminal
heat sink 170, providing added security against unauthorized
disassembly. In alternative embodiments, the rotate engage-
ment mechanism 590 may include other configurations/struc-
tures (e.g., screwdriver slot, Allen stock recess) for rotatable
engagement by/with a rotatable tool. The rotate engagement
mechanism 590 1s also important for controlling the amount
of torque applied to the threaded terminal 240 so that the
terminals 240 and ultracapacitors 150 are not damaged by
applying too much torque. The rotate engagement mecha-
nism 3590 1s preferably recessed in the top/exposed end of the
terminal heat sink 170 since 1t 1s preferable that whatever
rotatable tool 1s used to screw/unscrew the terminal heat sink
170 comes 1n from the top/exposed portion of the threaded
terminals 240.

With reference to FIG. 11A-11C, an alternative construc-
tion of a terminal heat sink 610 will be described. The termi-
nal heat sink 610 1s generally similar to the terminal heat sink
170 described above except that the terminal heat sink 610
includes an interiorly threaded nut 620 disposed above the
cooling fins 380 1nstead of below the cooling fins 580 as with
the heat sink 170 of FIG. 10. Annular washers or cooling fins
580 circumierentially surround and extend radially from
cylindrical tube 630. Cylindrical tube 630 may be smooth or
internally threaded. In the terminal heat sink 610, the nut 620
1s a standard hexagonal nut. The standard hexagonal outer
surface of the nut 620 forms a rotate engagement mechanism
for rotatable engagement by/with a rotatable tool (e.g.,
wrench) for screwing the terminal heat sink 610 on/off the
externally threaded terminal 240.

As shownin FIG. 11C and discussed above, heat radiates in
a longitudinal axial direction outwards, towards the terminals
240, 1n the direction of the arrows shown. The heat 1s trans-
ferred to the terminals 240, and from the terminals 240,

through the nut 620/tube 630 and to the cooling fins 580.
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Convective cooling air flows past the cooling fins 380 to
transier heat therefrom to cool the ultracapacitor 150.

According to one exemplary construction, the terminal
heat sink 610 may be simply, quickly, and easily manufac-
tured by sliding L-type annular washer(s) 580 along the out-
side of the tube 630 into desired positions and enlarging the
outer diameter of the tube 630 relative to an inner diameter of
annular L-type washers (e.g., by forcing a ball bearing having
a larger diameter than an inner diameter of the tube 630
through the tube 630) so that the washers are fixed to the tube
630. Alternatively, the washer(s) 380 may then be welded (or
otherwise fixed) to the end of the tube 630. Alternatively,
terminal heat sink 610 1s manufactured by sliding L-type
annular washers along the outside of the tube 630 1nto desired
positions and fixing the iner annular portion of annular
L-type washers to the outer circumiterence of the tube 630 and
fixing the nut 620 to end of the tube 630. Fixing the compo-
nents together may be performed by brazing, welding, and/or
other fixing techniques.

In alternative embodiments of the terminal heat sink 170,
610, the number and/or configuration(s) of the heat fins 380
may vary/ditler from that shown. For example, butnotby way
of limitation, in one or more embodiments, terminal heat sink
170, 610 includes one or more of the following features, the
terminal heat sink 170, 610 radiates outwardly 1n a symmetric
configuration from the receiving section, the symmetric con-
figuration 1s annular, and/or the symmetric configuration 1s at
least one of curvilinear (e.g., circular, annular, oval) and rec-
tilinear (e.g., square, rectangular, rhomboid, parallelogram).
However the fins are preferably circular, in this way the
terminal heat sink 170, 610 provides omnidirectional cooling
and may be installed 1n any direction, thus making installation
quicker. Also, the dimensions of the heat fins 580 are prefer-
ably less than the diameter/dimensions of the ultracapacitors
150. For example, but not by way of limitation, the outer
diameter of the heat fins 580 1s less than the outer diameter of
the ultracapacitor 150. This minimizes the separation of adja-
cent cells and interaction between adjacent terminal heat
sinks 170, 610. Additionally, the first {in (closest to the ultra-
capacitor 150 end may be 1n direct contact with the end of the
cell for increased heat transfer, or alternately may stand off
the end of the cell for increased coolant tlow and convection.

The terminal heat sink 170, 610 1s advantageous because,
but not by way of limitation, it extracts heat from the ultra-
capacitor cell in a thermally efficient manner and without the
need for a high flow cooling system. The terminal heat sink
170, 610 provides a low-cost, simple solution for transferring
heat from the ultracapacitors 150. The terminal heat sink 170,
610 provides cooling for individual ultracapacitors 150, and
provides maximum cooling at the points (i.e., terminal ends)
ol highest heat. The terminal heat sink 170, 610 also allows
for a more compact form factor in the ultracapacitor pack
assembly because the ultracapacitors 150 can be placed
closer together since cooling occurs at the terminals 240 and
not at the cylindrical body/case 434. Similarly, since the cells
are cooled more elliciently, less cooling air 1s required and
consequently much less energy 1s required to perform the
same cooling.

With reference to FIG. 12, an embodiment of ultracapaci-
tor pack cooling system 650 for the ultracapacitor energy
storage cell pack 140 will be described. Preferably, ultraca-
pacitor pack cooling system 650 1s a closed loop system. In
this way, external contaminates commonly found 1n hybrid
vehicles are excluded from the energy storage, thus extending,
its life and reliability. The ultracapacitor pack cooling system
650 includes the blower and cooler assembly 210 disposed
within one end of the housing 180. The blower and cooler
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assembly 210 includes the cross flow fan/tflow source 220 and
the heat exchanger 230. The cross tlow fan/tlow source 220
and the heat exchanger 230 are laterally elongated and extend
substantially the entire lateral length of the ultracapacitor
energy storage cell pack 140. In other words, the width of the
cross tlow fan/tlow source 220 and the heat exchanger 230 1s
substantially the same width of each row (e.g., 6 rows shown
in embodiment of FIG. 2). Of course, cross flow fan/flow
source 220 may be a fan extending the length of first row 692
of ultracapacitors 150, or it may include the combination of a
smaller fan and ducting or vanes distributing the tlow to first
row 692 of ultracapacitors 150. Preferably, a, front portion of
the cross flow fan/tlow source 220 includes upper guide 660
and lower guide 670 that form a shroud for directing air flow
from the cross flow fan/tlow source 220 in the manner shown
in FIG. 12 and minimizes leakage.

Coolant flow or a coolant tlow path 680 flows over and
through the upper terminal heat sinks 170, causing convective
cooling of the cooling fins 380 (transferring heat from the
upper terminals 240) to cool the ultracapacitors 150. Air flows
around an opposite end of the ultracapacitor energy storage
cell pack 140 and back to the heat exchanger 230 via a return
flow or return tlow path 690. Similar to the convective cooling
that occurs 1n the coolant tlow path 680, the return tlow 690
flows over and through the lower terminal heat sinks 170,
causing convective cooling of the cooling fins 580 (transfer-
ring heat from the lower terminals 240) to cool the ultraca-
pacitors 150. Generally, air flow will be substantially or com-
pletely blocked from crossing/bleeding over the side of the
ultracapacitor energy storage cell pack 140. This may be
accomplished with dedicated ducting/blockage/sealants and/
or configuring structures such as the housing 180 or cradle
assembly 160 to perform this task

According to the 1llustrated embodiment, the temperature
of the return flow 690 1s higher than the temperature of the
coolant flow path 680 because the return tlow 690 includes the
heat removed from upstream flow across the terminal heat
sinks 170. Thus, the temperature gradient associated with the
air tlow above the first row 692 of ultracapacitors 150 1s the
highest and the temperature gradient associated with the air
flow below the first row 692 of ultracapacitors 150 1s the
lowest. Since, heat transfer occurs i a longitudinal axial
direction outwards, towards the terminals 240, in the direc-
tion of the arrows shown i FIG. 11C, and i light of the
varying temperature gradients, the first row of cells may
experience greater cooling at the top terminal than at the
bottom terminal, whereas the last row of cells may experience
a more even cooling at the top and bottom terminals. How-
ever, the average temperature of the air flow above and below
cach row of ultracapacitors 150 1s the same for every row (1.¢.,
every row has the same average temperature). As a result,
cach row of ultracapacitors 150 (as well as all ultracapacitors
150) are cooled the same.

The heat exchanger 230 removes the added heat from the
return flow 690 from the energy storage cell pack 110. Heat
exchanger 230 may utilize an external cooling supply as well.
For example, preferably heat exchanger 230 will be inte-
grated in a vehicle cooling system. In particular, a coolant will
pass through the energy storage cell pack 110 extracting heat
from the hotter air flow. This may be accomplished by passing
the coolant through a finned tube and passing the heated air
flow across 1t. With reference additionally to FIG. 1, the heat
exchanger 230 from each ultracapacitor energy storage cell
pack 110 may be connected to a central water chiller or
cooling supply 120 for transierring coolant through the heat
exchangers 230 for removing heat from the ultracapacitor
energy storage cell packs 110. The tlowing coolant takes heat
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from the ultracapacitors 150, and the heat 1n the coolant 1s
removed with the heat exchanger 230. The controller 130 may
control cooling of the ultracapacitor energy storage cell packs
110 measuring the temperature of the packs and metering the
coolant flow and/or temperature. Additionally, the heat
exchanger 230 may be located external to the housing; how-
ever the cooling air of the pack 1s preferably part of a closed-
loop system.

According to the preferred embodiment shown, both the
cross flow fan/tflow source 220 and the heat exchanger 230 are
integrated 1nto the ultracapacitor energy storage cell pack
110. Preferably, the heat exchanger 230 1s cooled externally
using coolant from either the vehicle cooling system (not
shown) or a central water chiller or cooling supply 120 (FIG.
1). In an alternative embodiment, one or both of the cross tlow
fan/flow source 220 the heat exchanger 230 are not integrated
into the ultracapacitor energy storage cell pack 110.

According to the embodiment shown, the ultracapacitors
150 are vertically arranged 1n a single-level array, and the
coolant (e.g., air) will pass over the top (and/or or bottom) of
the ultracapacitors 150, wrap around, and enter the heat
exchanger 230 to extract heat. The terminal heat sinks 170 on
the terminals 240 form mim heat exchangers (e.g., finned
nuts) so as to improve the transfer of heat from the terminals
240 to the coolant. This design 1s particularly good with
ultracapacitors 150 because the internal construction of the
ultracapacitors 150 makes 1t far more efficient to extract heat
from the terminals 240 rather than the cases/cylindrical body
434 of the ultracapacitors 150. This 1s true even though there
1s much more surface area around the external surface of the
cases/cylindrical body 434 than the external surface of the
terminal 240, making this cooling approach counterintuitive,
especially since one would think that enclosing the hot ultra-
capacitors 150 in a sealed, enclosed box would raise the
temperature of the ultracapacitors 150. As shown in FIG.
11C, heat radiates 1n a longitudinal axial direction outwards,
towards the terminals 240, in the direction of the arrows
shown. The heat 1s transterred to the terminals 240, and from
the terminals 240, through the tube 630 and to the cooling fins
580. According to one embodiment, as shown 1n FIG. 12, the
cooling air 1s propelled by cross tflow fan 220 1n a linear,
uniform tlow across the terminal heat sinks 170. This cross
flow fan (also called a tangential flow fan) provides for uni-
form and predictable heat transfer. As illustrated, the cross
flow fan 220 etficiently redirects the air flow from the nte-
grated heat exchanger 230 back over the terminal heat sinks
170, thus closing the ultracapacitor cooling loop. The cross
flow fan 220 spans the long profiles associated with the cell
array 1n the most efficient manner (compared to, for example,
axial fans and centrifugal fans, which may require multiple
motors and add bulk to the housing, based on their principles
of operation). The above closed-loop cooling strategy/system
provides active cooling, allowing operation of the ultraca-
pacitor pack 1n all climates, and provides consistent cell-to-
cell temperature control as compared to open loop systems
that may vary depending on ambient conditions.

As used 1 a hybnid electric vehicle, some of the character-
1stics of the ultracapacitor energy storage cell pack 110 may
include a rated voltage of 2.3x48=110.4 V, a recommended

max voltage of 2.5x48=120 V, a surge voltage of
2.7x48=129.6 V, an 1solation voltage o1 2500 V, a rated con-

tinuous current of 150 A (peak o1 300 A), a leakage current of
<5 mA, a number of 48 cells (each rated at 3000 F) 1n the
module, a lifetime of 40000 hrs (based on a continuous 33 kW
cycle), 1 million Cycles (50% DoD), capacitance of 62.5 F,
total energy stored nominal of 105.8 Wh (2.3 V/cell), total
energy stored peak of 125 Wh (2.5 V/cell), DC ESR of 16.5
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mOhms, heat rejection of 3 kW, cooling water of 30-35
degrees C. at 10 gpm (plumbed 1n parallel), a storage tem-
perature of —40 degrees C. to 70 degrees C., an operating
ambient temperature of —40 degrees C. to 50 degrees C., and
a vibration meeting SAFE J2380 & J244, an IP rating of IP67,
an IEC rating of 1iec 529 ('Type 5), a height dimension of no
more than 13 in., a length dimension of no more than 15 1n.,
and a width dimension of no more than 17 1n., and a total
dimension/volume that does not exceed 13 m.x15 mn.x17 1n.
In addition, while there 1s no maximum limit to the spacing
between the ultracapacitors, preferably there should be no
more that 0.25 1.-0.50 1n. between the casings of the cells.

Some of the characteristics of the ultracapacitor pack sys-
tem 100 include a supply voltage of 230 VAC, a rated voltage
of 110.4x6=662 V, a recommended max voltage of 120x
6=720 V, a surge voltage of 129.6x6=777 V, an 1solation
voltage of 23500V, arated continuous current of 150 A, arated
peak current of 300 A, a leakage current of <5 mA, a number
of modules/ultracapacitor energy storage cell packs 110 of 6
modules 1n the ultracapacitor pack system 100, a lifetime of
40000 hrs (based on a continuous 33 kW cycle), 1 million
Cycles (50% DoD), capacitance of 10.4 F, total energy stored
nominal of 634 Wh (2.3 V/cell), total energy stored peak of
750 Wh (2.5V/cell), DC ESR o1 98 mOhms, heat rejection of
3 kW (10236 BTU/hr), cooling water of 30-35 degrees C. at
10 gpm (0.738 L/s), a storage temperature of —40 degrees C.
to 70 degrees C., an operating ambient temperature of —40
degrees C. to 50 degrees C., a maximum ambient temperature
range nlet of 60 degrees C., vibration meeting SAE 12380 &
1244, 144 temperature sensors, an IP rating of IP67, an IEC
rating ol 1ec 529 (Type 5), a Beginning of Life (BOL) power
loss oI no more than 2251 W, and an End of Life (EOL) power
loss of no more than 2701 W.

The ultracapacitor pack system 100 preferably includes
ground fault circuit protection, a CAN vehicle iterface, con-
tactor protection hardware/software, microprocessor con-
trolled cell equalization and monitoring, ntegral DC Bus
precharge resistor(s), fast-acting fuse that reduces damage to
DC bus components 1n event of a short circuit, diagnostic and
prognostic functions to predict faults before they occur, and a
monitoring system that monitors the voltage and temperature
of every capacitor 150 to eliminate hidden cell failures.

With reference to FIG. 13, an alternative embodiment of an
ultracapacitor energy storage cell pack 700 will be described.
The ultracapacitor energy storage cell pack 700 1s generally
similar to the ultracapacitor energy storage cell pack 110 of
FIG. 2, exceptinstead of the ultracapacitor energy storage cell
pack 110 including a single ultracapacitor energy storage cell
pack assembly 140, the ultracapacitor energy storage cell
pack 700 includes more than one (e.g., 3) ultracapacitor
energy storage cell pack assembly 140 disposed 1in respective
inner thermotform liners 710 designed to readily recerve all
the components (e.g., ultracapacitor pack assemblies 140) of
the ultracapacitor energy storage cell pack 700 for quick,
inexpensive, and easy assembly. A single elongated cross-
flow fan 720 and a single heat exchanger 730 are used to cool
the multiple ultracapacitor energy storage cell pack assem-
blies 140. The single elongated cross-flow fan 720, the single
heat exchanger 730, and the multiple ultracapacitor energy
storage cell pack assemblies 140/inner thermoform liners 710
are disposed within a housing including a lower cover or sheet
metal casing 750 and an upper cover or top 760. The single
heat exchanger may supply 1ts own cooling or may be con-
nected to a central water chiller or cooling supply 120 as
described above {for transferring coolant through heat
exchanger(s) 730 for removing heat from one or more ultra-
capacitor energy storage cell packs 700.
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The above figures may depict exemplary configurations for
the invention, which 1s done to aid 1n understanding the fea-
tures and functionality that can be included in the mvention.
The 1nvention 1s not restricted to the 1llustrated architectures
or configurations, but can be implemented using a variety of
alternative architectures and configurations. Additionally,
although the mvention 1s described above in terms of various
exemplary embodiments and implementations, 1t should be
understood that the wvarious {features and functionality
described 1n one or more of the individual embodiments with
which they are described, but instead can be applied, alone or
in some combination, to one or more of the other embodi-
ments of the invention, whether or not such embodiments are
described and whether or not such features are presented as
being a part of a described embodiment. Thus the breadth and
scope ol the present invention, especially in the following
claims, should not be limited by any of the above-described
exemplary embodiments.

Terms and phrases used 1n this document, and variations
thereol, unless otherwise expressly stated, should be con-
strued as open ended as opposed to limiting. As examples of
the foregoing: the term “including” should be read as mean
“including, without limitation” or the like; the term
“example” 1s used to provide exemplary instances of the item
in discussion, not an exhaustive or limiting list thereof; and
adjectives such as “conventional,” “traditional,” “standard,”
“known” and terms of similar meaning should not be con-
strued as limiting the 1tem described to a given time period or
to an item available as of a given time, but instead should be
read to encompass conventional, traditional, normal, or stan-
dard technologies that may be available or known now or at
any time 1n the future. Likewise, a group of items linked with
the conjunction “and” should not be read as requiring that
cach and every one of those 1tems be present in the grouping,
but rather should be read as “and/or”” unless expressly stated
otherwise. Similarly, a group of i1tems linked with the con-
junction “or” should not be read as requiring mutual exclu-
stvity among that group, but rather should also be read as
“and/or” unless expressly stated otherwise. Furthermore,
although 1tem, elements or components of the disclosure may
be described or claimed in the singular, the plural 1s contem-
plated to be within the scope thereof unless limitation to the
singular 1s explicitly stated. The presence of broadening
words and phrases such as “one or more,” “at least,” “but not
limited to” or other like phrases 1n some instances shall not be
read to mean that the narrower case 1s intended or required in
instances where such broadening phrases may be absent.

What 1s claimed 1s:

1. A propulsion energy storage system in a hybrid electric
vehicle, the propulsion energy storage system comprising;

a first ultracapacitor pack assembly including a plurality of
energy storage cells electrically coupled to each other,
the energy storage cells each having a case and at least
one terminal, the first ultracapacitor pack assembly con-
figured support each energy storage cell by 1ts respective
case;

plurality of terminal heat sinks thermally coupled to each
terminal of the plurality of energy storage cells, the
plurality of terminal heat sinks configured to transier
heat from 1ts respective terminal to heat transter tfluid;

a first housing configured to enclose the first ultracapacitor
pack assembly and mount the first ultracapacitor pack
assembly to the hybnid electric vehicle, the housing
including a propulsion energy interface to configured to
supply power to the hybrid electric vehicle;

a first closed-loop cooling system configured to circulate
heat transter fluid in the housing, convectively transier-
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ring heat from the terminal heat sinks, and further con-
figured to reject the transterred heat away from the ult-
racapacitor energy storage system;

a communication interface to the hybrid electric vehicle,
and,

a controller configured to control cooling functions of the
first closed-loop cooling system and/or electrical func-
tions of the first ultracapacitor pack assembly.

2. The propulsion energy storage system of claim 1,
wherein the energy storage cells are cylindrical or prismatic
in form, having a terminal on each base; and,

wherein the first ultracapacitor pack assembly arranges the
plurality of energy storage cells such that their terminals
are substantially vertical when mounted on the hybnd
clectric vehicle.

3. The propulsion energy storage system of claim 1,
wherein the first closed-loop cooling system uses air as its
heat transter fluid.

4. The propulsion energy storage system ol claim 3,
wherein the first closed-loop cooling system includes a
blower configured to blow air across the terminal heat sinks,
and the first closed-loop cooling system further includes a
heat exchanger configured transmit heat from the circulating
air to an external coolant loop.

5. The propulsion energy storage system of claim 4,
wherein the external coolant loop includes a vehicle cooling
system and 1s configured to circulate vehicle coolant through
the heat exchanger of the of the closed-looped cooling sys-
tem.

6. The propulsion energy storage system of claim 4, further
including a dedicated energy storage cooling supply config-
ured to provide coolant to the heat exchanger and reject the
transierred heat away from the ultracapacitor energy storage
system; and,

wherein the controller 1s further configured to control the
dedicated energy storage cooling supply.

7. The propulsion energy storage system of claim 1,
wherein the first housing 1s further configured to direct heat
transier fluid over the terminals such that heat transter tluid
does not bleed out of a predetermined flow path.

8. The propulsion energy storage system of claim 1,
wherein the communication interface 1s configured to trans-
mit Controller Area Network (CAN) communications
between the ultracapacitor energy storage system and the
hybrid electric vehicle.

9. The propulsion energy storage system of claim 1,
wherein the communication interface 1s 1tegrated into the
controller.

10. The propulsion energy storage system of claim 9,
wherein the first ultracapacitor pack assembly further
includes cell equalization and momitoring, and 1s communi-
cably coupled to the controller.

11. The propulsion energy storage system of claim 10,
wherein the first ultracapacitor pack assembly further
includes overvoltage protection circuitry configured to indi-
cate to the controller when an overvoltage condition has
occurred 1n the energy storage cells.

12. The propulsion energy storage system of claim 11,
wherein the first ultracapacitor pack assembly further
includes self-verification circuitry configured to indicate to
the controller that the overvoltage protection circuitry 1s prop-
erly connected to the energy storage cells.

13. The propulsion energy storage system of claim 1,
wherein the first ultracapacitor pack assembly further
includes a plurality of tlexible interconnects that electrically
couple the terminals of the energy storage cells, while only
introducing nominal loads on the terminals.
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14. The propulsion energy storage system of claim 1, fur-
ther comprising a temperature sensor communicably coupled
to the controller, and configured to measure the temperature
associated with the energy storage cells; and,

wherein the controller 1s further configured to actively
control cooling of the energy storage cells responsive to
the temperature sensors.

15. The propulsion energy storage system of claim 1, fur-
ther comprising a second ultracapacitor pack assembly that 1s
clectrically coupled to the first ultracapacitor pack assembly;
and.,

wherein the first housing 1s further configured to enclose
the second ultracapacitor pack assembly.

16. The propulsion energy storage system of claim 1, fur-

ther comprising;:

a second ultracapacitor pack assembly similar to the first
ultracapacitor pack assembly, and electrically coupled
to the first ultracapacitor pack assembly;

a second housing configured to enclose the second ultra-
capacitor pack assembly and mount the second ultraca-
pacitor pack assembly to the hybrid electric vehicle;

a second closed-loop cooling system (650) configured to
circulate heat transfer fluid in the housing, convectively
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transierring heat from the terminal heat sinks (170), and
further configured to reject the transferred heat away
from the ultracapacitor energy storage system (100); and

wherein the controller 1s configured to control cooling
functions of the first and the second closed-loop cooling
system and/or electrical functions of the first and second
ultracapacitor pack assembly.

17. The propulsion energy storage system of claim 1,
wherein the propulsion energy storage 1s configured to store
energy over 500 V with a leakage rate of <5 mA and an
1solation voltage of 2500 V, the propulsion energy storage
turther configured to deliver energy at a peak of 300 A.

18. The propulsion energy storage system of claim 1,

wherein the propulsion energy storage 1s configured to reject
3 kW of heat.

19. The propulsion energy storage system of claim 1,
wherein the first housing 1s sealed and protects against the
ingress of dust.

20. The propulsion energy storage system of claim 1, fur-
ther comprising at least one DC Bus precharge resistor.
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